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PREFACE 


This book has developed from courses of lectures given by the 
author over a period of years to the students of the Moscow Physico- 
Technical Institute. It is intended for the students having basic 
knowledge of mathematical analysis, algebra and the theory of 
ordinary differential equations to the extent of a university course. 
All the necessary information can be found, for instance, in the 
following textbooks: S. M. Nikolsky, A Course of Mathematical 
Analysis , 2 vols., Mir Publishers, Moscow, 1977; A. I. Mal’cev, 
Foundations of Linear Algebra, W. H. Freeman, San Francisco, 
1963; L. S. Pontryagin, Ordinary Differential Equations, Pergamon 
Press, Oxford, 1964. 

Except Chapter I, where some general questions regarding partial 
differential equations have been examined, the material has been 
arranged so as to correspond to the basic types of equations. The 
central role in the book is played by Chapter IV, the largest of all, 
which discusses elliptic equations. Chapters V and VI are devoted 
to the hyperbolic and parabolic equations. 

The method used in this book for investigating the boundary value 
problems and, partly, the Cauchy problem is based on the notion 
of generalized solution which enables us to examine equations with 
variable coefficients with the same ease as the simplest equations: 
Poisson’s equation, wave equation and heat equation. Apart from 
discussing the questions of existence and uniqueness of solutions of 
the basic boundary value problems, considerable space has been 
devoted to the approximate methods of solving these equations: 


~PiOuc. C-tiL 



8 


PREFACE 


Ritz’s method in the case of elliptic equations and Galerkin’s 
method for hyperbolic and parabolic equations. 

Information regarding function spaces, in particular, S. L. Sobo¬ 
lev’s embedding theorems, necessary for such arrangement of subject 
matter is contained in Chapter III. It is not assumed on the part 
of the reader that he is familiar with the required portions of the 
theory of functions and functional analysis; these have been treated 
in Chapter II which is of auxiliary nature. 

Problems have been given on all the chapters except Chapter II. 
The majority of them are intended to deepen and broaden the con¬ 
tents of respective chapters; precisely with the same aim have the 
lists of suggested reading been supplied. For exercises we recommend 
the following books: V. S. Vladimirov et al., A Collection of Problems 
on Equations of Mathematical Physics, Nauka, Moscow, 1974 (in 
Russian); B. M. Budak, A. A. Samarskii and A. N. Tikhonov, A Col¬ 
lection of Problems on Mathematical Physics, Pergamon Press, Oxford, 
1964; M. M. Smirnov, Problems on Equations of Mathematical Physics, 
Pergamon Press, Oxford. 

In conclusion the author expresses his sincere thanks to V. S. Vla¬ 
dimirov for his constant interest in this book, and to T. I. Zelenyak, 
I. A. Kipriyanov and S. L. Sobolev who, having gone through the 
manuscript, made a number of valuable comments. The author 
is especially indebted to his colleagues A. K. Gushchin and L. A. Mu- 
ravei with whom he had fruitful discussions that led to considerable 
improvement in the book. 

V. Mikhailov 

July 1975 
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CHAPTER I 


INTRODUCTION. 

CLASSIFICATION OF EQUATIONS. 
FORMULATION OF SOME PROBLEMS 


Differential equations are those equations where the unknowns 
are functions of one or more variables and which contain not only 
these functions but their derivatives as well. If the unknowns are 
functions of several variables (not less than two), then the equations 
are called partial differential equations. We shall deal with only 
such equations, and shall consider a single partial differential 
ejquation in one unknown function. 

A partial differential equation containing derivatives of the un¬ 
known function u with respect to the variables x x , . . ., x n is said 
to be of Nth-order if it contains at least one iVth-order derivative 
and does not contain derivatives of higher orders, that is, the equa¬ 
tion 



du 

1 ' dx t ’ 


du d^u d 2 u d N u\ _„ 

dx n ’ 0x\ ’ dx 1 dx i > ‘ - ‘ ’ g N ) ■ 

n 


Eq. (1) is said to be linear if CD, as a function of u, —— , ..., —r=-, 

" x i dx£ 

is linear. Henceforth we shall consider linear equation of the second 
order, that is, equation of the form 


2 a uW-^+Z a i( x )-Sr+ a ( x ) u =f( x )‘’ ( 2 ) 

i,j=l i=l 

here x — (x x , . . ., x n ). The functions a tj (x), i, 7 = 1, . . ., n, 
a t (x), i — 1, . . ., n and a (x) are called coefficients of Eq. (2) 
and / (x) the free term. 

Let R n denote an re-dimensional Euclidean space, and let x — 
= (x l5 . . ., x n ) be a point of R n , \ x | = (x? + . . . + x 2 n ) 1/2 . 
As usual, by a region in R n or an re-dimensional region we mean an 
open connected (nonempty) set of points of R n . In what follows, 
unless stated otherwise, all the regions are assumed to be bounded. 
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Let Q be an re-dimensional region. A set E cz Q is said to be strictly 
interior with respect to Q, E <g Q, if E a Q, where E is the closure 
(in the sense of distance in R n ) of E. 

The set of functions having in Q continuous partial derivatives 
up to order k, k being a nonnegative integer, is denoted by C h (Q ), 
while its subset consisting of those functions whose all the partial 
derivatives up to order k are continuous in Q by C h (Q). For the 
sets C° (Q) and C° ((J) of functions which are continuous in Q and Q 
respectively, we shall also use the notation C (Q) and C (Q). We 
designate by C°° (Q) the set of functions which belong to each of 

C h (Q), k = 0, 1, ..., that is, C X (Q)= H C h {Q), and by C°° (Q) 

;i=o 

the set of functions belonging to each of C h (Q), k = 0, 1, ..., that 
is, £>' (Q) = n C\Q). 

ft =0 

A function f(x) is said to have compact support in Q if there 
exists a subregion Q' (g: Q such that f(x) = 0 in Q \Q'. The set 

C h (Q) is composed of all the functions belonging to C h (Q) and 
having compact support, and the intersection of all these sets is 

denoted by C°° (Q) : C°°(Q)= f| C k {Q). 

ft—o 

Let oc = (<*!, ...,a n ) be a vector with nonnegative integer com¬ 
ponents, and put | a j = a l -f- ... 4- a n . If / (.r) 6 C k (Q), then the 

ai+-+a 

partial derivative -— will be often denoted for brevity by 

D a f. The first- and second-order derivatives will also be written as 
fx r f.XiXj- For the gradient (/ v ..., f Xji ) of a function / 6 C\Q) 
we use the notation V /(^)- 

By an (n — l)-dimensional closed surface S we shall mean a bound¬ 
ed and closed (n — l)-dimensional surface, without edge, of class 
C h for a certain k 1, that is, a connected, bounded and closed 
surface ( S — S) lying in R n and having the following property: 
for any point x° £ S there exist an (re-dimensional) neighbourhood 
U x o of it and a function F x0 (x) £ C h (U x °) such that S/E x ° (x°) =£ 0 
so that the set S f| U x0 is described by the equation F x0 ( x ) — 0. 
(That is, all the points of the set S f] U x0 satisfy the equation 
F x o (x) = 0 and any point of U x » satisfying the equation F x o (x) = 0 
belongs to S.) 

The boundary of Q will be denoted by dQ. In what follows, without 
further qualification, the boundaries of regions in question are as¬ 
sumed to consist of a finite number of disjoint closed (re — l)-dimen- 
sional surfaces (of class C 1 ). By | Q | we indicate the volume of Q. 
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We note that if an (re — l)-dimensional closed surface S belongs 
to the class C k , then for a point x° on it there exists a small neigh¬ 
bourhood U' x o such that the intersection S f| U x o is uniquely project¬ 
ed onto an (re — l)-dimensional region D x «, with boundary of class 
C k , which lies in one of the coordinate planes, that is, for some 
i. i = 1, . . ., re, the surface is described by the equation x t = 

= fpxO (%i, • • •> %i- 1? %i +ii • • • , X n), {Xii • • •* • • • 

. . ., x n ) £ D x o, and cp x0 6 C h ( D x o ). The intersection S fj U x0 will 
be called a simple piece (or piece) of the surface S. 

Since S is bounded and closed, one may choose a finite subcover 
from the cover { U ' x , x 6 5} of S. The collection of simple pieces 
Si, . . ., S N corresponding to such a finite cover will be called the 
cover of the surface S by simple pieces. 

By an (re — l)-dimensional surface S of class C h , k ^ 1, we shall 
mean a connected surface which can be covered by a finite number 
of (re-dimensional) regions Ui — 1, . . ., N, so that each of the 
sets S t = S f) Ui, i = 1, . . ., N, is uniquely projected onto an 
(re — l)-dimensional region D t having boundary of class C h and lying 
in one of the coordinate planes, that is, for some p — p (i), p = 
= 1, . . ., re, the surface is represented by the equation x p — 

= <Pi (x^, . . ., Xp ~i^Xp+i, . . ., X n ), [%i, • • m Xp - ii Xp-\- li * • •) 6 

(zD t , and <p ; £ C h (D t ). The collection of surfaces S which are 
simple pieces of S, corresponding to such a cover £/ x , . . ., U N 
of S will be called a cover of S by simple pieces. Henceforth an (re — 1)- 
dimensional surface will mean an (re — l)-dimensional surface of 
class C h for a certain k 1. 

We denote by Q 6 , 6 > 0, the region obtained by taking the 

union over all x°£Q of balls {\x — j C 6}: — U {\ x — £°|<S}; 

*» EQ 

Q (£ Q 6 . <?6i 8 > 0, denotes the set containing all the points of 
Q whose distance from the boundary dQ exceeds 8; Q 6 <g Q; for 
sufficiently small 8 > 0, Q 6 is a region. We shall show that for an 

arbitrarily small enough 8 > 0 there exists in R n an infinitely 

differentiable function £ 6 (a:) which equals unity in Q 6 and vanishes 
outside Qs/ 2 - The function (x) will henceforth be called 8-slicing 
function (or, simply, slicing function) for the region Q. Before con¬ 
structing the function £ 6 (x), we introduce an important notion of the 
averaging kernel. 

Suppose that (»! ( t) is an infinitely differentiable and nonnegative 
even function of a single variable t (—oo < t < +oo) which van¬ 
ishes for | t | 1, and is such that 

f ©! (| x |) dx = f (% (j x |) dx = 1, (3) 

R n 1*I<1 
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For (Dx (t) we may take, for instance, the function 

1 c ~rhi, 0<|*|<i, 

Cji 

o, |«|>i, 

where the constant C n has been chosen so as to satisfy (3). Let h be 
any positive number. The function 

(M) = -jjr (I * \ /h ) 

is called the averaging kernel (of radius h). The averaging kernel 
(Oft (| a; |) has the following obvious properties: 

(a) ( 0 ft(|;z|)£C o °(i? n ), (Oft(x)>0 in R n , 

(b) ©ft (| x |) == 0 for \x\^h, 

(c) j (Oft (| a: |) da: =1, 

*n 

(d) for any a = (ax, ..., a n ), | a |^0, and for all x£R n 

\D a a> h {\x\)\^CJh n+w , 

where C a is a positive constant independent of h. 

Let (Oft (| a; |) be an arbitrary averaging kernel. It is directly 
verified that for sufficiently small 6 > 0 the function 

U(x) = j 1 ® 6 /4 (\x — y\)dy 
<336/4 

is a slicing function for the region Q\ moreover, (a:) satisfies in R n 
the inequalities 0 ^ (a:) ^ 1 . 



§ 1. THE CAUCHY PROBLEM. KOVALEVSKAYA’S THEOREM 


1. Formulation of the Cauchy Problem. In a region Q of the 
n-dimensional space R n (Q is not necessarily bounded, and, in partic¬ 
ular, may coincide with the whole of /?„), we consider a linear 
differential equation of the second order 

n n. 

Xu=z 2 aij(x)u xx + 2 a i( x ) u x +a(x)u = f(x), (1) 

i,j=l ‘ 1 i=l 1 

where the coefficients and the free term are assumed to be sufficiently 
smooth complex-valued functions. We denote by A(x) the matrix 
|| a l} (x) ||, i, 7 = 1 , . . ., n, which is composed of the coefficients 
of the highest derivatives; at no point of Q, A(x) is a null matrix. 
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When n = 1, Eq. (1) is an ordinary differential equation which 
can be written as (a u 0) 

u" + b (x) u' + c (x) u = g ( x ). (2) 


In this case the simplest problem is the Cauchy problem which con¬ 
sists in finding the solution of this equation that satisfies for some 
x = x° the initial conditions u (x°) — u 0 , u'(x°) — u t . 

We shall now formulate an analogous problem for the partial 
differential equation (1). We take a sufficiently smooth (of class 
C 2 ) ( n — l)-dimensional surface S lying in Q that is given by the 
equation 

F (x) = 0, (3) 

where F ( x ) is a real-valued function and | S/F \ =/= 0 for all x £ S. 

Suppose that in Q there is given a vector field l (x) — (Z t ( x ), ... 

. . ., l n (x)), where Z ; (x), i = 1, . . ., n, are real-valued functions 
belonging to C 1 ( Q ), | l | 2 = l\ + . ■ . 4- 1%. > 0, such that for no 
x £ S the vector l (x) is tangent to the surface S, that is, 


dF {l, V F) 
dl s Ml 


s ^°- 


(In what follows, we shall be interested in the values of the field 
l (x) on S only.) 

We take an arbitrary point x°£S, and consider Eq. (1) in a suf¬ 
ficiently small neighbourhood U of this point. (Let U be a ball of 
sufficiently small radius with centre at a: 0 .) Let S 0 denote the inter¬ 
section f~| C/. 

Let u, u£C 2 (£/), be a solution of Eq. (1) in Z7, and let u 0 (x) 
be the value of u on S 0 and {x) the value of on S 0 : 


u\s 0 =Uo (£)i 


du 

~dl 


^u^x). 

^0 


( 4 ) 

( 5 ) 


We shall show that for a partial differential equation, in contrast 
to an ordinary differential equation, u 0 and u x cannot be, generally 
speaking, arbitrary (smooth) functions. 

Since S7F(x°) =£ 0, one of the components of vE (x°) is not zero; 
suppose, for example, F Xn (x°) ^ 0. We assume the neighbourhood U 
to be so small that F x (x) 0 in U and Eq. (3) may be written as 

x n — (p (x ), x = (x^, . . ., X n - 1 ), 


where q) (x') is a smooth function. We denote by F n (x) the function 
F {x) and by F t (a;) the functions x t — x\, i — 1, . . ., n — 1, and 
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consider one-to-one mapping 


yi = Fi (x), i = l, . . n, (6) 

of the region U into a neighbourhood V of the origin — the image 
of the point x°. Let 2 denote the image of S 0 lying in the plane 
l)n — 0: 2 = F n {y' = (yi, •••* Vn-i) € #n-i> y n = 0}- The function 


u (.x ( y)) is denoted by 

n 

— 2 v y- n v a Fpx i • Fgx. - 

p,q—l p q 1 

the form 


v ( y). Since u 

n 

' 2 v y T ,Fpx i x., 
p=i p 1 3 


and u x . x .= 

in new variables Eq. (1) has 


2 Pii ( y ) Vy iV -r 2 Pi (y) v y + p (y) v = f x (y), (1') 

i,j=i J i=i 

where p £j - (y) are elements of the square matrix || (4 (x (y)) X 
X \/F t (x ( y )), VFj (x (y))) ||, in particular, 

Prm (y (*)) = (A (x) VF(x), VF(X)). (7) 


Conditions (4) and (5) respectively become 

v Is = (y') 

and 


(VyV, M2/))|x = ^('/')» 
where v 0 (y') = u 0 (y', <p (y')), v\ (y') = u x (y\ 


tor a (y (x)) = ( 


_ / 

dl 


dF n 


9F n 

dl 

OF 


dl 


dl 


), x € F 0 ', 

0 on S 0 . 


<F {y')), and 
moreover, 


( 8 ) 

( 5 ') 

the vec- 


We shall first show that the value of the vector Vv on the surface 2 
is uniquely determined by v 0 and v\. In fact, the derivatives 
u y| |s, i = 1, . . ., n — 1, are computed from (8): u V| |2 = i — 
= 1, . . ., n — 1, and according to (5') 

v v n \z = v i (/). (9) 

n -1 

where Vl (y') = jp (v' t (y r ) — 2 v o Vi ^r) ■ 
dl 

Clearly, the conditions (8), (5') and (8), (9) are equivalent. 

We now consider the values on 2 of the second derivatives of 
v(y). First, we note that by (8) and (9) the values on 2 of all the 
second derivatives, except v y , of v ( y) are uniquely determined 
by the functions v 0 and v\. To find the value of v y n y n on 2, we use 
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Eq. (1'). Noting (7), by (!') we obtain 
(A (x (y)) V*F {z (y)), V X F (z (y))) Vy n y n 

— fl(y) 2 %} v ViVi 5 ?>in v v i y n 5 (1 ) 

i,j= 1 J i=i i=l 

If the function (A (x) S/F. S7F) =/= 0 on the surface S 0 , then the 

function (A ( x (y)) S7 X F ( x (y)), V X F (z (y))) does not vanish on 2, 
and therefore also in V (the neighbourhood U is assumed to be small). 
In this case Eq. (I") in T' can be written as 


n— 1 


n- 1 


vy ny = 5 ytjvv l v 1 + 2 ytnv» t v n + 2 7i^,+vy+A- ( 10 ) 

71 n i,}=i 1 3 1=1 1 n i =1 1 


Setting y n = 0 in (10), we obtain the value of v y y on 2. 

Hence, if {A{z) S/F, VF) ^ 0 on S 0 . all the derivatives of u (z) 
up to second order are uniquely determined on S 0 . 

However, if at some point z 6 S 0 (A (x) S?F (x), V F (a:)) = 0, 
then at the corresponding point y (A (x (y)) S7 X F (* (y)), V X F (% (y))) = 
= 0. Then at the point y the equality (1") connects the know’n quanti¬ 
ties v (y), v y . (y), Vy.y. (p), i = 1, . . ., n, 7 = 1, - - •• n — 1. 
Thus the values of v 0 and its derivatives up to second order and those 
of i\ and its derivatives of first order at the point y, and hence the 
values at the point x of u 0 and and their corresponding derivatives 
are subject to some relation, that is, they cannot be, generally speak¬ 
ing. arbitrary. 

A point x on the surface S of class C 1 and given by the equation 
F = 0 (F is a real-valued function, SjF ^ 0 on S) is called the char¬ 
acteristic point for Eq. (1) if at this point 


(A(x) VF(x), S/F(x)) = 0. 


The surface S is called a characteristic surface for Eq. (1) or character¬ 
istic (for) of Eq. (1) if all its points are characteristic points. 

In this section we shall study the Cauchy problem for Eq. (1). that 
is, the problem of finding solution of (1) satisfying conditions (4) 
and (5) with given functions u 0 and Uj in the case when the surface S 
does not contain characteristic points. 

The case when the surface S contains characteristic points is far 
more difficult. As it was shown, if the point x° £ S is a characteristic 
point, then there are (smooth) functions u 0 and u x such that Eq. (1) 
has no smooth solution (in C 2 ( U )) in any neighbourhood of this 
point that satisfies conditions (4) and (5) on S 0 = S f| U. It is easy 
to see that if U + is one of the parts into which S 0 divides U (it is 
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assumed that U is a ball of sufficiently small radius with centre at 
a: 0 ), then there is no solution in C 2 ( U + (J S 0 ) too which satisfies con¬ 
ditions (4) and (5) on S 0 . If still a smooth solution exists, it may not 
be unique. 

Suppose, for example, n = 2. In a disc U with the origin as its 
centre let us consider the equation 

U XiX 2 = / (^)j 

for which the line x 2 = 0 is a characteristic (to this form is trans¬ 
formed the wave equation u XiXi — u Xz x 2 = /i by a change of variab¬ 
les). It is easy to see that for the existence in U of a smooth solution 
(belonging to C 2 (U)) of this equation that satisfies the conditions, 
u|x„ = o = u 0 (aq), u Xt \ St — 0 = u t (aq) it is necessary and sufficient 

that — ■} =f (aq, 0). Furthermore, if this condition is satisfied, 

ax j 

then the solution can be expressed in the form 

X t X 2 

u (x u x 2 ) = j d| t | f(h, | 2 ) dl 2 + u 0 (x i ) + g(x 2 ), 

0 0 

where g is a twice continuously differentiable arbitrary function 
satisfying the conditions g (0) = 0, — = u x (0). 

ax 2 

If S is a characteristic surface, then there may be situations where 
the problem for Eq. (1) should be posed in analogy with the Cauchy 
problem for an ordinary differential equation not of the second order 
but of the first order. Thus, for example, for the equation (again 
n = 2) 

u XlXl u Xz — f (x) 

(the heat equation) having the line x 2 — 0 as a characteristic in 
Chap. VI we shall study the problem (the Cauchy problem) of finding 
a solution of this equation in the half-plane x 2 > 0 satisfying only 
one condition (4): u| X2=0 = u 0 ( x 1 ). 

We shall now consider the problem (1), (4), (5) in the case where the 
surface S does not contain characteristic points. Let Q be an n-dimen- 
sional region, and let S be an (n — l)-dimensional surface given by 
Eq. (3) that lies in Q and divides Q into two disjoint regions Q + and 
Q~, that is, (JXiS 1 = Q + (J Q~, Q + f] Q~ — 0■ Suppose that Eq. (1) 
is given in Q (that is, the coefficients and the free term of Eq. (1) 
are defined in Q), and a vector field l (x) = (Z x (x), . . ., l n (x)), 

| l (x) j > 0 on S, is defined on S that is nowhere tangent to S. Let 
there be given two functions u 0 (x) and u ± (x). Suppose that S does 
not contain characteristic points of Eq. (1), that is, on S 

(A(x) VE, VF) 0. (11) 
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It is required to find a function u (x ) belonging to C 2 (Q) and satis¬ 
fying Eq. (1) in Q together with initial conditions (4) and (5) on S. 
This problem will be called the noncharacteristic Cauchy problem. 
The given! functions, that is, the coefficients and the free term of 
Eq. (1), the function F of (3), the vector function l and the functions 
u 0 and u x will be referred to as the data of the problem. 

We shall assume that the data of the problem (1), (4), (5) are 
infinitely differentiable: the coefficients and the free term of Eq. (1) 
and the function F ( x ) of (3) belong to while the functions 

Zj(x), . . ., l n (x), u 0 (x), u x (x) belong to C°°(S) (that is, the func¬ 
tions l t (x (y)), . . ., u 1 (x(y)), where x = x (y) is a mapping, defi¬ 
ned by (6), of a neighbourhood U of any point £ S into a neighbour¬ 
hood V of the origin, are infinitely differentiable in an (ra — 1)- 
dimensional region 2 = V f] {y' € Z? n -i> J/n = 0}). We also assume 
that there is a solution u (x) of the problem (1), (4), (5) that is 
infinitely differentiable in Q. 

As shown above, all the derivatives of u (x) up to second order are 
determined uniquely on S in terms of the data of the problem. We 
shall show that on the surface S all the derivatives of u (x) of any 
order are uniquely determined in terms of the data of the problem. 
Since in this case the mapping (6) of the neighbourhood U of any 
point x a £ S into the neighbourhood V of the origin is given by func¬ 
tions Ft(x), i = 1, . . ., n, that are infinitely differentiable in U, 
as a consequence of mapping (6) the problem (1), (4), (5) in U (by 
this we mean the problem of finding in U a solution of Eq. (1) satis¬ 
fying the initial conditions u | s = u 0 (x), | s = u x (x), where 

S 0 — U f] S) is replaced by an equivalent problem (8)-(10) for the 
function v (y) in V with infinitely differentiable data. And because 
there exists a solution u (x) of theTproblem (1), (4), (5) that is infi¬ 
nitely differentiable in U, the problem (8)-(10) has also an infinitely 
differentiable solution v(y) — u(x (y)) in V. To establish this asser¬ 
tion, it suffices to show that all the derivatives DyV (y) are uniquely 
determined on 2 in terms of the data ofjthe problem (8)-(10). 

For any a' = (a x , ..., a„_ x ), |a'|^0, the values of 
the derivatives ZF®'- 0 >u (y) and D w < ( y ) on 2 are determined 
directly from (8) and (9): 

£>(“'• °)v |s = D a ' v 0 , ZK“'- |s = D a 'v £ . 

If v a denotes the value of the function ~^D a v (a! = a x ! ... a n !) 
at the origin: 

v a = ±D«v(0), |a|>0, (12) 

2-0594 
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then iv, o and iv,i> | ot' | ^ 0, are uniquely determined in terms 
of vo and iq: 

v a\ 0 — ' ( - )T Vo \y’—0i (13) 

Va\\=-^yD a ' Vi \y=o (14) 

((oc')I = ajl ... a n .i!). 

To find the value of D ( “ ’ 2) v (y ), | a' | ^ 0, on 2, we use (10). 
Differentiating (10) with respect to y u . . ., y n and setting y n — 0, 
we obtain 

D<“'> 2 >u Is = D( a '< °)H t |j, |o'| > 0, 

where the function H t (y) is defined in V by the formula 

n-1 n-1 

H 1 (y) = 2 Vi; («/) »»,*. + 2 Tin (*/) 
i,j=l 1 i=i 

n 

+ 2 Yi(y)vt,+y(y) v+h{y) 

i= 1 

(in which v (y) is the solution of the problem (8)-(10)). Now 0) /7 1 1 2 
is a function (which is linear with known coefficients) of known quan¬ 
tities D (P ’ 0) y| 2 and D^ y ,i) v | £ for 0 ^ | P' | ^ | a' | + 2, 0 ^ 
^ | y’ | ^ | a' | +1. Therefore, on 2, all the derivatives 
D w ’ 2) v (y), | a' | 0, are uniquely determined in terms of the 
data of the problem, and, in particular, 

iv, 2 = (2! (a')!)-‘D<“'. 0)H t (y) | y=0 , | a' | > 0. 

We assume that for some k ^ 2 all the derivatives D (a ’ h ~ l) v (y), 
| a' | > 0, have been uniquely determined on 2 in terms of the 
data of the problem. We now find the derivative D (a ' h) v{y) | 2 , 
| a' |^-0. For this, we differentiate in V Eq. (10) a x times with 
respect to y v . . ., a„_j times with respect to y n and k — 2 times 
with respect to y n , and then set y n — 0. This yields 

D^'^v (y) | s = £><«'• ^H i (y) | s 

Now D (a '- h ~ 2 >H i Is is a function (linear with known coefficients) 
of already-known quantities D <!*'■ js, 0 ^ i ^ k— 1 (0 ^ | P' | ^ 
^ | a' | + 2 for 0 ^ i ^ k — 2 and 0 ^ | p' | ^ | a' | +1 for i = k— 1). 
Hence all the derivatives /)<“'> fe) v, |a'| ^0, are uniquely deter¬ 
mined on 2 in terms of the data of the problem, and, in 
particular, 

iV, * = ((«')! *!) _1 fe - 2 ) H i (y) (15) 

This proves the assertion. 
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Remark. Let v ( y ) be any infinitely differentiable function in V. 
Consider the following infinitely differentiable function in V: 

n-1 n-1 n 

H {y) = v Vn y n - 1 2 t — J3 Yi»«fy* n - .2 — yv — h. (16) 

It follows from the above discussion that if the values of the function 
v (y) and its derivatives satisfy conditions (12), where the numbers 
v a , I a 1 ^ 0, are defined by (13)-(15), then 

D a H (y) |y = o = 0 for all a, |a| > 0. (17) 

Thus we have shown that if the surface S does not contain character¬ 
istic points, then the data of the problem uniquely determine on S 
all the derivatives of the infinitely differentiable solution of the 
problem (1), (4), (5). Hence the solution of the problem (1), (4), 
(5) is unique in the class of functions that are uniquely determined 
by their values and those of all their derivatives on S. One of such 
classes is the class of analytic functions. Later in this section we 
shall show that in the class of analytic functions the problem (1), 
(4), (5) is solvable with analytic data. 

It should be noted that in contrast to the case of an ordinary differ¬ 
ential equation, the analyticity condition of the data in such 
a generality (if no additional conditions are imposed on the coeffi¬ 
cients of Eq. (1)) is, in a definite sense, necessary for the solvability 
of the problem. TheJfollowing example, due to H. Lewy, shows that 
a partial differential equation with infinitely differentiable coeffi¬ 
cients and free term may not, in general, have a solution. 

Example 1. The differential equation 

Uxtx, + iux 2 x, + 2i (xi -f- ix 2 ) u XtX , = /(*») (18) 

does not have twice continuously differentiable solutions in any 
neighbourhood of the origin (in R 3 ) if the real-valued function / (x 3 ) 
is not analytic. 

To prove this statement, it is obviously enough to check that the 
equation 

u Xt + iu Xl + 2i (xt+ixz) u x , = f (x 3 ) (19) 

does not have continuously differentiable solutions in any neigh¬ 
bourhood of the origin. 

Suppose, on the contrary, that in the cylinder Q = {xi + x\ <C 
< R 2 , | x 3 | < H) for some R > 0 and H > 0, there is a solution* 
u (x) belonging to C 1 ( Q ) of Eq. (19) with a real-valued functiom 
/ (£3) that is nonanalytic on the interval | x 3 | < H. Then in the* 
parallelepiped n = {0<p<jR, 0<<p<[ 2n , | x 3 J < H) the' 
function 14 (p, q>, a; 8 ) = u (pcos cp, psin ip, x 3 ) is a solution of 

2 * 
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the equation 


Ujpefcp + i -II e iq> _j- 2 ipe iv, u lx , = / (x 3 ), 

-where u* £ C 1 (II) and u 1 (p, 0, x 3 ) == (p, 2n, a: 3 ). Integrating 
this equation (for fixed p and x 3 ) with respect to <p (E (0, 2it), we 
find that in the rectangle K x = {0 < p < if, |x 3 |<i7} the 
function 


2jt 

“2 (P. * 3 ) = j u, (p, <p, a; 3 ) d(p, 
o 

u 2 (p, £ 3 ) £ C 1 (i^i), satisfies the equation 

“ 2 P + -y + 2ipu 2x , = 2nf (x 3 ). 

Therefore the function 

v(r, a; 3 )= ]/r u % {V r , x 3 ) 

belonging to C X (KJ) f| C(K 2 ), where is the rectangle 

(0 <; r < R z , | x 3 | <; H), is a solution of the equation 

v r + iv Xz = nf (z 3 ) 

in K 2 , or, which is the same, is a solution of the equation 

x a x, 

(v (r, x 3 ) + in j / © dl) r + i(v(r, x 3 ) + in j / (£) dl) x> = 0 . 
o o 

But the last equation is the Cauchy-Riemann equation for the func¬ 
tion 

X I 

w(r, x 3 ) = v(r, x 3 ) + in j / (l) dg. 

o 

Hence the function w (r, x 3 ) as a function of the complex variable 
r + ix 3 , w (r, x 3 ) = g (r + ix 3 ), is analytic in K 2 and continuous 
in K 2 . Since Re g | r==0 = 0, by the principle of symmetry the func¬ 
tion g (r 4 - ix 3 ) can be continued analytically into the rectangle 
K 3 = {| r 1 < if 2 , | x 3 | <C H}, and, in particular, is analytic in 

x« 

x 3 on the segment (r = 0, | x 3 | < H}. But gl r =o = in j / (I) dg; 

o 

consequently, for | x 3 | < H the function / (x 3 ) is also analytic, 
contradicting the hypothesis. 

Let us note that the plane x l = 0, for example, does not contain 
characteristic points for Eq. (18). Thus for any initial functions the 
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Cauchy problem for Eq. (18) (with initial conditions given on the 
plane x x = 0) does not have solutions in any neighbourhood that 
contains the origin. 

2. Analytic Functions of Several Variables. Let Q be a region in 
the n-dimensional space R n and g ( x ) a complex-valued function 
defined in Q. 

The function g (x) is said to be analytic at the point x° £ Q if in 
a neighbourhood U of this point it can be represented as an absolutely 
convergent power series 


*(*) = 2 2 ••• 2 Sa.i ...a (^-l X®) a ‘ 

«,=0 a ,=0 a „=0 


{X n — Xl)<*n 


2 g a (x-*°) a , (20) 


where a=(a u ..., a n ), (x — x°)“ = (xj — x\) a ' ... (x„-x°) a ". 

The function g (x) is said to be analytic in a region if it is analytic 
at every point of this region. 

Let the function g (x) be analytic at the point x° £ Q. Then in the 
cube K r (x°) — {| x t — x? | < R, i — 1, . . ., n), R > 0, this 
function is represented by an absolutely convergent (in K R (x 0 )) 
series (20). Since a power series that converges absolutely in K R (x°) 
converges uniformly in any strictly interior subregion K of the cube 
K r (x°), K (cr K r (x°), together with all its derivatives, the function 

g(x) £ C°°{K), and, consequently, g (x) 6 C°°{K R (x 0 ))- Moreover, 

it is evident that g a = g(x°), where a! = a t ! . . . a n !, that is, 

the series (20) is the Taylor series of g (x) at the point x°. Hence it 
follows that a function which is analytic in the region Q is uniquely 
determined in all of Q by its own value and the values of all its 
derivatives at an arbitrary point of Q\ in particular, if the function 
vanishes together with all its derivatives at a point of Q, then g (x) = 
s 0 in Q. 

Let us show that if the function g (x) is analytic at the point x° £ Q, 
then it is also analytic in some neighbourhood of this point. For this 
it is enough to prove that if K R (x°) is a cube in which g (x) is repre¬ 
sented by the (absolutely convergent) series ( 20 ), then g (x) is analy¬ 
tic in the cube A B / 4 (x°). 

Since the series (20) is absolutely convergent in K R (x°), it fol¬ 
lows that for any p g (0, R) 


2ka|p ia| <°0. (21) 
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We take an arbitrary point x 1 £ K, {/tt (x Q ). Then for all x £ j Kr/z{x x ) 
we have 


“i 


&( x )— 2 ( 2 Caj (^1 ““ Xi) Pl {X\ —£l) ai Pl ) 

a Pi =0 

• • • X ( S C a n {Xn — xh ? 11 (*i — 4 )* w_Pn ) 

n =n 71 

— 2 2 • • • 2 £aCa, * ' ' ^"a 1 

a P »=0 p n =0 n 

X^j —x|)P‘ ... (x n — xi) P * (x\—X° l ) at ~ Pl ... {Xn — X°)*n- p n. 

Since for all x^Kr/sIx 1 ) and any a — (a t , ..., a„), p — 
= (Pli • • * > Pn)i Pi Sjl i — 1 j • • • t 71, 

UaC2; ... ...I 

71 

^ , , ol „, / \|pI / fl \la|-|Pl . . I R \l®l 1 

<k«| 2 ' al (—) (—) = k«l(—) ^T 


and since by (21) the series 


IJL' 

V I«1 1 

-2 n V U 1 

IJL \ 

\ 2 ; 

/ 2 lp l 

— L /\ leal 

\ 2 ) 


M 


< 00 . 


a p a 

it ^follows that the function g(x) is represented in K R \ s (x l ) by 
an absolutely convergent series 

£(*) —2 8p{x—x i f, 
v 


where g’ p = 2 • • • 2 S<xC v a \ (*1 — *?)**-»• ... C£» (x l „ — 4)“ n " Pn . 

«i=Pi a n =P n n 

Therefore the function g(x) is analytic at the point x 1 , and hence 
in K m {x°) because x i £K R/ i(x°) is arbitrary. The assertion is 
proved. 

A real-valued function g (x) = 2 Sa (x — x°) a which is analytic at 

a 

x° is called majorant at x° of the function g (x) (of (20)) if for all a, 
I a I > 0, | g a | < g a . 

Let {g a , | a | 0} be a complex number sequence for which 

there is a real number sequence (g a , \ a \ ^ 0} such that for all a, 
| a | >• 0, | g a | ^ g a and the series 2 Sa {x — x°) a converges abso- 

a 

lutely in a neighbourhood of the point x°. Then it is evident that 
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the funetion g (x) — 2 Sa ( x — £°)“ is analytic at the point x°, 

a 

and the function g (x) — 2 g a ( x — x a ) a is its majorant at x°. 

a 

It is also evident that any function which is analytic at the point 
x° has a majorant (at a: 0 ). As a majorant for the function g (x) of (20) 
one can take, for example, the function 2 I g a I ( x — a: 0 )*. A majo- 

a 

rant of g (x) from (20) can also be constructed as follows. Suppose 
that the series (20) converges absolutely in the cube K R (x°) for 
some R > 0. Take some p from the interval (0, R). In view of (21), 
there is a positive M such that | g a | p |a| ^ M, that is, | g a | ^ 
^ Ml p |al for all a = (a x , . . ., a n ). This means that a majorant 
of the function g (x) at the point x° is the function 


g ( x ) = 2 


M (x~x0) a 
O 1 “ I 


M 


^ x l ~*1 j . . . ^ x n x n j 


The function, with any N ^ 1, 


M 


1 (Xj — xj) + ■.. + (x n _ t — x% - t ) + N (x n — x«) 
P 


is also a majorant of g(x) at the point x°, since for all a — 


= ( a 


i) 


a n) > 


MN n (|a I)! 


^ I Sa I- 


p 1 “ !a! 

3. Kovalevskaya’s Theorem. In this subsection we shall study 
the Cauchy problem in the class of analytic functions, that is, we 
shall consider solutions of the problem (1), (4), (5) that are analytic 
in Q or in its subregion Q' containing the surface S. We shall assume 
that the data of the problem (1), (4), (5) are analytic, that is, we 
shall assume that the coefficients and the free term of Eq. (1) and the 
function F in (3) (defining S) are analytic in Q, and the functions 
l x (x), . . ., l n (x), u 0 (x), u x (x) are analytic on S (that is, the fun¬ 
ctions (x ( y )), . . ., l n (x ( y )), u 0 (x ( y )), (x ( y )), where x ( y ), 
given by formula (6), is the mapping of some neighbourhood U of 
an arbitrary point x° £ S into a neighbourhood V of the origin, are 
analytic in an (n — l)-dimensional region 2 = V fl {y' 6 R n -u 
l/n = 0}). We recall that the solution of the problem, the coeffic¬ 
ients and free term of Eq. (1) and the initial functions are complex¬ 
valued, whereas the components (x), . . ., l n (x) of the vector 
l (x) and the function F (x) are real-valued. We shall assume that S 
does not contain characteristic points for Eq. (1). 

First of all, we shall prove a local theorem regarding the existence 
and uniqueness of the solution of this problem. 
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Theorem 1 (Kovalevskaya). Let the data of the problem (1), (4), 
(5) be analytic, and let the surface S not contain characteristic points 
for Eg. (1). Then for any point x° £ S there is a neighbourhood U x ° 
of this point where this problem has an analytic solution. Moreover, 
there cannot be more than one analytic solution of this problem in any 
neighbourhood of sfi. 

We recall (Subsec. 1) that by problem (1), (4), (5) in the region 
U x ° we mean the problem of finding solution u(x) of Eq. (1) in U x o 

satisfying the initial conditions u| So = u 0 , ~ = u u where S 0 — 

= S n U x o- moreover, the neighbourhood U x ° is supposed to be 
so small that the surface S 0 divides it into two disjoint regions. 

Let x° be an arbitrary point on S. We consider one-to-one map¬ 
ping (6) of a sufficiently small neighbourhood U of this point into 
a neighbourhood V of the origin—the image of x°. Since the data of 
the problem (1), (4), (5) and the functions Fi(x), i — 1, . . ., n — 1, 
are analytic, the Cauchy problem (1), (4), (5) in U transforms under 
this mapping to an equivalent problem (8)-(10) (in V) with analytic 
data. For the proof of Theorem 1, it is enough to show that we can 
find a neighbourhood V of the origin where the problem (8)-(10) 
has an analytic solution v (y) and that this solution is unique. 

We start by proving the uniqueness. Suppose that in a neighbour¬ 
hood F* of the origin there is an analytic solution v (y) of the prob¬ 
lem (8)-(10). As v (y) £ C®(F 1 ), it follows from considerations of 
Subsec. 1 that the values on the surface 2 of all the derivatives 
D a v, | a | 0, are determined uniquely by the data of the problem. 

In particular, all the values D a v (0), | a | >• 0, are uniquely determi¬ 
ned. Hence (see Subsec. 2) the solution v (y) is uniquely determined 
by the data of the problem in V 1 . This establishes the uniqueness. 

Now we prove the existence of a solution. First, we note that 
it is enough to prove the existence of a function v (y) that is analytic 
at the origin (it is also analytic in a neighbourhood F of the origin, 
by the properties of analytic functions; see Subsec. 2) and is a solu¬ 
tion of the problem (8)-(10) in F. 

According to (12)-(15) (see Subsec. 1), the quantities v a , ] a | >- 0, 
are (uniquely) determined by the data of the problem (8)-(10). We 
shall show that the formal power series 

2 Vay a (22) 

a 

is an analytic function at the origin. Then the sum of this series, 
denoted by v (y), which converges absolutely in a neighbourhood V 
of the origin will be the desired solution. 

In fact, it follows from (13) that the value of the function v (y', 0) 
analytic in y' and the values of all its derivatives with respect to 
y x , . . ., y n - x for y' = 0 coincide with corresponding values for the 
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function v 0 (y') which is analytic in y'. Consequently, v (y', 0) == 
s= v 0 ({/') on 2 = V fl {y' 6 Rn-i, yn = 0}. Similarly, from (14) 
we obtain v Vn (y ’, 0) = ( y') on 2. That the function v (y) satis¬ 

fies Eq. (10) in V can be verified in the following manner. Let us 
consider a function H (y) which is analytic in V and is defined by 
(16), where for v (y) we take the analytic function (22) which is 
under consideration. In view of the choice of quantities v a , | a | 0, 

by Remark in Subsec. 1, equalities (17) hold, that is, the function 
H (y) and all its derivatives at the origin vanish. Accordingly, 
H (y) is analytic in F, and H (y) == 0. This means that v (y) satis¬ 
fies Eq. (10) in F. 

Thus we must prove that the series (22) converges absolutely in 
some neighbourhood of the origin. For this (see Subsec. 2) it is 
enough to show that this series has majorants at the origin. 

The Cauchy problem (in F) 

n-1 n-1 n ^ 

^ V i] Vv i Vj + .2 Tii^Vn + Jj yi^Vi + yv + h, (fO) 

V \y n =o = u 0 (y'), ( 8 ) 

v v n |y Tl =o = iii (y ) (9) 

with analytic data will be referred to as a majorant problem for the 
problem (8)-(10) if the data of the former are majorants at the origin 
for corresponding data of the problem (8)-(10). 

If the problem (8)-(10) has an analytic solution 

v (y) == 2 v a y a . (22) 

a 

at the origin, then this solution is a majorant there'for the series 
(22) and, consequently, (22) represents an analytic function at the 
origin. 

In order to prove this statement, we must check the validity of 
the inequalities | v a | ^ v a for all a, | a | >• 0. According to the 
definition of the majorant problem, the functions u 0 and are 
majorants at the origin of functions u 0 and u lt respectively. There¬ 
fore (see (13) and (14)) | zv, ol ^ iv, o ami | t | ^ v a - j for 
all a', | a' | ^ 0. 

Now assume that for some k^l we have already established 
the inequalities J zv, > !<>«', , for all s, —■!, and all a', 

| a' j^0. We shall demonstrate that then |iv, ft|-OVx',ft> |a'|^0. 
According to (15) 

ft- 2 

ZV, ft = 2 C P', ft-lUp', ft-1 + 2 2 c $\ s v &\ s + ha', fti 

l3'|S|a'|+l a=0 |p'|=S|oc'|+2 


"PuAtxs. TH.fvtlt.futt.fvtijc.fil. -plvy.A-Lc.A- 



26 


PARTIAL DIFFERENTIAL EQUATIONS 


and 

~ ~ ft -2 ~ ~ 

Va',h= S C P\ fe-1 + 2 2 c f>’, sV&', s + ^a', hi 

|p'|s=|a'l+l *=0 IP'l^lo'l + 2 

where 

*«••» = "WET £>< “'' ‘ >5 <°)- 

the constants cp- iS are linear combinations with nonnegative coef¬ 
ficients of values at the origin of derivatives of the coefficients in 
Eq. (10), while s are the same linear combinations of correspond¬ 
ing (nonnegative!) derivatives of the coefficients of Eq. (10). Since 
(8)-(10) is a majorant problem for the problem (8)-(10), it follows that 

I K\k I and | c p - iS | < c P ' iS . Hence | IV, s| <~v a ', *• 

Thus for the proof of absolute convergence of the series (22) in 
some neighbourhood of the origin it is enough to construct the 
majorant problem (8)-(10) which has an analytic solution at the 
origin. While constructing the majorant problem, it is more conve¬ 
nient to deal with homogeneous initial conditions (8) and (9): 

v \u n —o = 0, (8 0 ) 

v v n lv n =o = 0. (9 0 ) 

We note that for the proof of the existence of the analytic solu¬ 
tion of the problem (8)-(10) it is enough to show the existence of the 
analytic solution w (y) of the following problem with homogeneous 
initial conditions: 


n-1 


n— 1 


w v n v n — 2 2 YtnUfyv — 2 — y w —= 

i t j— 1 J i=l i —1 

w If„=o — 0, 

w V n ll/ n =0 = 

where 

n-1 n-i n 

h' = h — v'v n v n + . 2 =1 Y iJ w ViVj + .S Y inU’u. Vn + Jj Y i W Vi + y w 'i 

w (y) = u o (y')+y n v i ( y')• 

Indeed, it is easy to see that if w is an analytic solution of this prob¬ 
lem, the function v = w + w', is the analytic solution of the prob¬ 
lem (8)-(10). 
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Consequently, we can regard the initial conditions (8) and (9) 
as homogeneous, that is, it suffices to construct a majorant problem 
for the problem (8 0 ), (9 0 ), (10). Since the coefficients and the free 
term of Eq. (10) are analytic at the origin, as (see Subsec. 2) Eq. (10) 
of the majorant problem we can take the following equation 

__ M _ 

VVn - n t gi+'-'+yn-i-f^yn 
p 

n-1 n-1 n 

x( 2 ‘'¥/+2fc+E^ + '' + 1 ) (10) 

i, j =1 i—1 i= 1 


for some p>0, M> 0 and arbitrary iV^l. Let us consider solu¬ 
tions v = Y (r)) of Eq. (10) that depend only on = tj. 

P 

All such solutions are solutions of the ordinary differential equa¬ 
tion 


Y" 


AY' + B (F+l) 


(23) 


where A = 


M p (n — l + N) 
N 2 


D M p 2 A M (n — l ) 2 (n—l) M 

m ’ a ~ 1 m n 


Choose N so large that the number a is positive, 0<;a-<l. 


Consider the solution Y 0 (ri) of (23) that satisfies the homogeneous 
initial conditions F o (0) = Yo(0) = 0. Since the coefficients of 
Eq. (23) are analytic when rj = 0 (even when | rj | < a), it is easy 
to see that F 0 (t]) is also analytic at zero.* Since all the derivatives 

of the function a _ ■ are positive at the point p = 0, by (23) 

> ° for all k = 0, 1, .... 

Thus the function v (y) = Y 0 ( '" ^^~^- Nyr L j w hich is ana¬ 

lytic at the origin is a solution of Eq. (10), and all its deriva- 


* It can be most easily exhibited in the following manner. Consider the 
equation 


Y" = -J— - (AY' + - g {Y ^ 1} -) , 
a —T) \ a —r) / ’ 


(23) 


whose coefficients are majorants (since 0 < a < 1) of the corresponding coef¬ 
ficients of Eq. (23). Eq. (23) is the Euler’s equation for the function Y + 1. 

The solution of Eq. (23) Y 0 (ip =--- [a x (1 — i\!af' — a 2 (1 — ri/a) 0 ‘] — 

a 1 — °2 

— 1 satisfying the initial conditions Y (0) = Y' (0) = 0, where a 1 = 
= [1 - A + /(I - A) 2 + 40]/2, ct 2 = [1 — A — V(1 - A) 2 + 4B]/2, is 
analytic at zero and is a majorant of the function y'ofij) at the point r) = 0. 
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tives are nonnegative at the origin. Consequently, we have construct¬ 
ed an analytic solution of the Cauchy problem which is a majorant 

problem for the problem (8 0 ), (9 0 ), (10) at the origin. 1 * 

The following proposition is a consequence of Theorem 1. 

Theorem 2. Let the data of the problem (1), (4), (5) be analytic, 
and let the surface S not have characteristic points. Then there is 
a region Q' ( Q' cr Q) containing S in which this problem has an analytic 
solution , and this problem cannot have more than one analytic solution 
in any region containing S. 

First of all we note that the statement regarding uniqueness of 
the solution follows directly from Theorem 1 and the properties 
of analytic functions. 

We shall now prove the existence of the solution. According to 
Theorem 1, for every point x° on the surface S there is a neighbour¬ 
hood of this point where the problem (1), (4), (5) is uniquely solvable. 
It is easy to see that by contracting each of the neighbourhoods 
U x o, ( S, it is possible to obtain a cover {U' x 0 , x° £ 5 } for the 
surface S which has the following property: if the intersection of 
any two neighbourhoods is not empty, then it is an open set each 
of connected components of which contains points of S (that is, 
this intersection can be expressed as a union of not more than a count¬ 
able number of disjoint regions each of which contains points of S). 

In fact, in U x o consider the ball {| x — x° | < r 0 } of sufficiently 
small radius r 0 = r 0 (x°) > 0 such that the angle between normals 
to S at any two points of the intersection of this ball with S is less 
than n/4. Let us take for U' x o the region (x: x = x 1 4 ■ tn (x'), x 1 £ 
6 S n {| x — x° | < r 0 /4}, t £ (—S 0 , 6 0 )}, where n (x 1 ) is normal 
to S at the point x 1 ; moreover, we assume 8 0 = 6 0 (x°) •< r 0 l 4 to be 
so small that through every point of this region there passes only 
one normal to the surface S f| {|x — x° | < r 0 } (that is, correspond¬ 
ing to each point x £ U x o there is only one point x 1 (x) belonging to 
S fl {1^ — 2° | < r 0 } such that x lies on the straight line 
{x: x = x 1 + n (x 1 ) t, t £ f?i}). It is evident that the cover 
{£/*», x° 6 S} for the surface S is the desired one. 

Since for every x„(5 U x0 cz U x o, the problem (1), (4), (5) has 
a unique analytic solution in U' x o; let it be denoted by u x 0 (x). Note 
that if x° and x 1 are two arbitrary points on S and U x o fi U ' x i =4= 0 * 
then u x o (x) = u x i (x) in U' x0 fl U x \. Consequently, it is possible to 
define the analytic function u (x) by the equality u (x) = u x o (x) 
for x £ U’ x o in the region Q' = (J U' x o, Q’ cr Q. The function 

xo es 

u(x) is the desired analytic solution in Q’ of the problem (1), (4), (5). | 


We will use Halmos’ | to indicate the conclusion of the proof. 
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When the surface S does not contain characteristic points, the 
Cauchy problem, as Kovalevskaya’s theorem shows, for the second- 
order partial differential equation which was formulated in Sub¬ 
sec. 1 in analogy with the Cauchy problem for ordinary second-order 
differential equation is in fact analogous to it in a definite sense. 
The well-known Cauchy theorem in the theory of ordinary differen¬ 
tial equations states that the ordinary differential equation (2) 
whose coefficients and the free term are analytic on the interval 
a < x <6 has in a neighbourhood of the point a?, a < x° -< b, 
where the initial conditions are prescribed, a unique analytic solu¬ 
tion satisfying these initial conditions. Kovalevskaya’s theorem gene¬ 
ralizes the Cauchy theorem to the case of partial differential equa¬ 
tions: if the surface S where the initial conditions are prescribed does 
not have characteristic points and the data of the problem (1), (4), 
(5) are analytic, then the problem (1), (4), (5) has a unique solution 
in some “neighbourhood” of S. 

Nevertheless, the Cauchy problem for an ordinary differential 
equation and the Cauchy problem for a partial differential equation, 
and more so, the theory of ordinary differential equations and that of 
partial differential equations are not totally analogous — the case 
of partial differential equations is far more complicated. 

In Subsec. 1 it was shown that when there are characteristic points 
on the surface N, the existence of an analytic (even twice continuously 
differentiable) solution of the Cauchy problem cannot be guaranteed: 
if x° £ S is a characteristic point for Eq. (1), then there are smooth, 
even analytic, initial functions u 0 and u l such that the problem (1), 
(4),(5) has no solution (belonging to C 2 ( U )) in any neighbourhood U 
of this point. Moreover, it was noted that if S is a characteristic 
surface, then there may be cases where the Cauchy problem must be 
formulated in analogy with the first-order ordinary differential 
equation. (For example, for the equation u XtXt — u Xt = / (x), for 
which the straight line x 2 — 0 is a characteristic, the Cauchy problem 
will be examined in Chap. VI. The problem is to find a solution 
of this equation in the half-plane x 2 > 0 satisfying one initial con¬ 
dition u|x s=0 = w 0 (#i).) In this case also, as the following example, 
due to Kovalevskaya, shows, the analyticity of the data of the 
problem does not guarantee the existence of an analytic solution. 

Example 2. The equation 

u XlXl — u Xl = 0 

has no analytic solution at the origin satisfying the initial condition 

I 1 

“ 1*3 = 0 - 1+Xf • 
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It is directly verified that if the analytic solution of this problem 
at the origin exists: 

U (Xf, #2) ™ 2 Wa„ a, x i 

<* 1 , a, 

then the coefficients u ai> a , have the form u 2s , ft = 

and M 2 s+l& = 0, where s^O, k^O. But the above series does not 
converge in any neighbourhood of the origin since it diverges, for 
example, at any point (0, x 2 ) when x t 0. 

As is well-known, the solution of the Cauchy problem for ordinary 
differential equation (2) depends continuously on the initial data. 
The following example, due to Hadamard, shows that, generally 
speaking, partial differential equations do not have this property. 

Example 3. Consider the Cauchy problem in the disc 
Q = {x\ + x\<i}: 

U X,X, — ~~ 

»k-o = » n o = «' l/n >', 

Ux, |* ! « 0 = Wn, 1 = 0, 

where n is a natural number (the straight line x 3 = 0, obviously, 
does not contain characteristic points for the equation u x , x , = 
= —“*,!,)• As is easy to check, the solution of this problem (unique 
in the class of analytic functions) is of the form u — u n (x) = 
= e~V” cosh nx 2 e inx '. Consequently, for any point x — (x x , x 3 ) of the 
disc Q, not lying on the initial line x 2 — 0, |u„(a:)|-v 00 as«-^- oo > 
in spite of the fact that u„, 0 (^ 1 ) 0 (|u n , 0 | = e-T'n) an ^ even f or 

any k~>>\ d Un '° -*-0, as re-»- cxj, uniformly on [—1, 1]. 

dii 

What is more, it is well known that any ordinary differential 
equation (2) with continuous coefficients and free term on some inter¬ 
val has always a solution (on all of this interval). However, for 
partial differential equations in such a general situation, which we 
considered up-to-now, the similar statement does not hold: as shown 
by Lewy’s example (Subsec. 1), there are linear partial differential 
equations of the second order that have no solution in any neigh¬ 
bourhood of a given point; what is more, no conditions regarding 
smoothness of coefficients (and even analyticity of coefficients) can 
be imposed which would guarantee the existence of the solution with 
any smooth (even infinitely differentiable) free term. Consequently, 
in order to study nonanalytic solutions of linear second-order partial 
differential equations, it is necessary to impose additional condi¬ 
tions on the structure of the equation. In the next section we shall 
select some classes of equations which will be the subject of our 
study in the sequel. 
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§ 2. CLASSIFICATION OF LINEAR DIFFERENTIAL 
EQUATIONS OF THE SECOND ORDER 


We consider a linear partial differential equation of the second 
order 

n n 

Xu= 2 (*)“*;*,+ S a t (x)u x +a(x)u=:f(x) (1) 

i,j=i ' 1 i=i ‘ 


in an ^-dimensional region Q. 

The coefficients a i} (x), i, ; = 1, are assumed to be 

real-valued, and the solutions of Eq. (1) are assumed to belong 
to C 2 (Q). The matrix A (x) — 1| a tj (x) j| composed of the coefficients 
of highest derivatives of the operator X can be taken as symmet¬ 
ric. In fact, ^ atjU x . x =='Z] a'iju x . x +11 a -,jUx iX] , where ay = 

1 \ J J ' * 

= Y(atj + aji), <kj = Y( a iJ — a n)- Since Ux i* } = u *j * l * il follows 

that 2 o"ijU XiXj = 0, hence 2 a u u x iX} = 2 a h u x iXj , wher e || ay (x)’|| 
is symmetric. 

Let x° be an arbitrary point of Q, and ^ (a: 0 ), . . ., k n (x°) the 
eigenvalues (evidently, real) of the matrix A (x°). The number of 
positive eigenvalues is denoted by n+ = n+ (x°), while that of nega¬ 
tive eigenvalues by n_ = n_ (x°) and the number of zero eigenvalues 
by n 0 = n 0 (a: 0 ); n = n+ + n_ + n 0 . 

Eq. (1) is called an equation of elliptic type at the point x° (or sim¬ 
ply, elliptic at the point x°) if n+ = n or n_ = n. This equation is 
said to be elliptic on the set E, E aQ, if it is elliptic at every point 
of this set. An example of elliptic equation in R n is Poisson’s equation 

A u = f. 


where A = 



a 2 


dx 2 

n 


is the Laplace operator. 


Eq. (1) is said to be hyperbolic at the point x° £ Q (or an equation of 
the hyperbolic type at x°) if n+ — n — 1 and n_ = 1, or if n + = 1 and 
n_ — n — 1. If the equation is hyperbolic at every point of the 
set E, E cz Q, then it is said to be hyperbolic on E. An example of the 
equation that is hyperbolic in the whole of space R n of variables 
x lt . . ., x n is the wave equation 


“I" • • • “r u x x — u x x = /• 
11 n-i^n-i nn J 


Eq. (1) is termed ultra-hyperbolic at the point x° if n 0 — 0 and 
1 < n+ < n — 1. Eq. (1) is ultra-hyperbolic on E, Ed Q, if it is 
ultra-hyperbolic at each point of E. The equation 

a x lXl + u x t x, — u x,x, — U X,Xi — f ( x ) 

is ultra-hyperbolic in all of i? 4 . 
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Eq. (1) is designated parabolic (or, an equation of the parabolic 
type) at the point x° £ Q if n 0 > 0. Eq. (1) is said to be parabolic on 
the set EczQ if it is parabolic at every point of E. The heat equation 

+ • • • + Ux n = / (*) 

provides an example of the equation that is parabolic in the whole 
space R n of variables x n . 

Of course, an equation need not be of the same type at all points 
of a region. For example, Chapligin’s equation (n — 2) 

^•X,x l T (xi) U Xf x t = f {x)j 

where the function T(xj) > 0 for x x > 0, T(x 1 ) < 0 for 

x x <Z 0, and T(x 1 ) — 0 for x x = 0, is elliptic for x 1 > 0, hyper¬ 
bolic for x x <(0 and parabolic for x x = 0. 

We recall that (see Sec. 1.1*) the surface S lying in Q and given 
by the equation F(x) — 0 (the real-valued function F 6 C 1 (Q) and 
|VF| # 0 on S) is called the characteristic surface (characteristic) 
for Eq. (1) if for all points x £ S ■; 

(A(x) VF, VF) = 0. (2) 

If Eq. (1) is elliptic in Q, then the matrix A{x) is positive- or nega¬ 
tive-definite at each point x £ Q. This means that (2) holds only 
when | VF| = 0. Hence elliptic equations do not have characteristic 
surfaces (what is more, no surface S contains a characteristic point 
of the elliptic equation). 

If Eq. (1) is hyperbolic in Q, then it can be shown that a character¬ 
istic surface can be made to pass through every point of Q. For 
example, for the wave equation u x x + . . . + u Xn _ Xn _ = u x n x n 
Eq. (2) has the form 

Fl+ ..,+F^-F^O. (2') 

This equation is, in particular, satisfied by the function (x — xP, m) — 
— (x t — x°) ?»! + ... + (x n — x° n ) m n , where x° is an arbitrary 
point of R n and the vector m = (m 1 , . . ., m n ), | m | = 1, is subject 
to the condition m\ + . . . + Tnl-\ = m&. Eq. (2') is also satisfied 
by the function (x x — a;J) 2 + . . . + (x n ^ — Xn-i) 2 — (^n — -4) 2 , 
where x° is an arbitrary point of R n . Hence the plane (x — x u , m) = 
= 0 and the canonical surface {x x — xj) 2 + . . . + (x n _ x — %n-i) 2 — 
= (x n — x° n y are characteristics for the wave equation. 

For the heat equation u XlXi + . . . + Ux n _ lXn 1 = u x n Eq. (2) 
is of the form 

F 2 ,+ ...+FJ ni = 0. 


* Here and in what follows the first number will denote the section and the 
second its subsection. 
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It is evident that any solution of this equation has the form F = 
= cD(;r n ), where <J> is an arbitrary continuously differentiable func¬ 
tion (<!>' =/= 0). Thus the characteristics for the heat equation are 
the planes x n — const. 

Let x° be a point of the region Q. We denote by y = y (x)(y t = 
— y t (Xi, .. ., x n ), i = l, ...,ra) a transformation which maps 
one-to-one a neighbourhood U of the point x° into the neighbour¬ 
hood V of the corresponding point y°, y° = y{x°), and by x = 
the inverse transformation. We shall assume that the functions 
y i(x) 6 C Z (U), t = l, ... ,n , and that the Jacobian matrix J(x)~ 
of the transformation y = y(x) is nonsingular, that is, 

iian of transformation det J(x) #= 0 in U. Let v (y) denote 
the function u(x(y)). Since 

n n n 

u x,= Vy.yhXfi U x x = 2 j v yt.yJJkx.ysx ■ ^ S V Vb Vhx i x i * 

1 h=\ h 1 1 h, 5=1 s 1 1 ft=l K 1 •' 

Eq. (1), as a result of the change of variables, assumes the form 

n 

S a hs (X (y)) Vy k y s = F (y, v, Vu), (3) 

h, s=l 



n 

where a hs (x)= T, a i] {x)y kx .y sx . and F ps a function that does 

i, j=l 1 1 

not depend on the second derivatives of v. Since the matrices A(x) = 
— || a hs (x) || and A(x) = || an (x) || are related by A(x) = JAJ*, 
by a well-known theorem of algebra the numbers of positive, nega¬ 
tive and zero eigenvalues of A (x) coincide with the corresponding 
numbers for the matrix A{x). This implies that at any point y £ V 
Eq. (3) is of the same type as Eq. (1) at the corresponding point 
x 6 U. Hence the above classification of second-order equations is 
invariant under smooth one-to-one nondegenerate transformations 
of independent variables. This fact can be utilized for simplifying 
Eq. (1). 

Let us take an arbitrary point x° £ Q. It is known that for the 
matrix T(x°) there exists a nonsingular matrix T — T(x°) = 
= 1| t t j || such that 


TA(x°)T*=A(x?)= 




3 — 059'* 
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We effect a linear change of variables y = T (x°) x. Since the Jacobian 
matrix of this transformation is T, Eq. (1), under this transformation, 
reduces to (2) in which the matrix of coefficients of highest deriva¬ 
tives is TA(x) T*. This implies that for x — x° Eq. (3) has the form 

VyiViA~ • • • ^ Vn+Vn+ Vy n+ + \Vn+-\-i ’ ' * ^^n-f+n-^n++n« ^h 

where the function I\ does not depend on second derivatives of v. 
This form is called the canonical form of Eq. (1) at the point x°. 

Hence for any point x = x° £ Q we can find a nonsingular linear 
transformation of independent variables which reduces Eq. (1) 
to the canonical form at the point x = x°. Since the transformation 
depends only on the values of the coefficients of highest derivatives 
in (1) at x = x°, in the case when the coefficients are constants in Q 
the resulting linear transformation reduces Eq. (1) to the canonical 
form at each point of Q (in the region Q). 

§ 3. FORMULATION OF SOME PROBLEMS 

In this section we shall examine some physical problems which lead 
to problems in partial differential equations. 

1. Problems of the Equilibrium and Motion of a Membrane. 
Let us consider the problem of determining the equilibrium position 
of a membrane (a thin elastic plate) which is subject to the action 
of a system of forces. 

We shall assume that in any admissible position the membrane 
is a surface lying in the space (x, u) = (x ± , x 2 , u) that projects 
uniquely onto a region Q of the plane x-jOx^, and is given by the equa¬ 
tion u — u ( x ), x £ Q, where the function u (x) g C 1 ( Q ). If u — 
— <p (a:), x 6 Q, is any admissible position of the membrane, then 
we assume that any other admissible position u — u (x) is obtained 
from the position u — <p (x) in such a manner that every point of 
the membrane is displaced parallel to the Ou-axis. 

Suppose that the external force acting on the membrane is directed 
parallel to the On-axis and has continuous density f x (x, u) equal 
to / (x) — a (x) u (the membrane is subject to the force with density 
/ (x), x £ Q, and to the resistance force of the elastic medium whose 
density is a (a) n is proportional to the displacement and opposite 
in sign, a (x) >- 0 is the elasticity coefficient of the medium). The 
work done by this force in displacing the membrane from the position 
<p (x) to the position n (x) is given by 

u(x) 

f f f { (x, u) du dx = C [/ (x) (u (x) — cp (.r)) 

Q VM Q 

; —( u 2 (x) — <p 2 (x))] dx. 
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Besides this, the membrane is subject to the internal elastic force. 
We assume that the work done by this force in displacing the mem¬ 
brane from the position cp ( x ) to the position u (x) is equal to 

— ^ k (z)[ V 1 + | Vu j 2 — Y 1 + j V<p | 2 J dx 

Q 


(the work done by this force with regard to the element (x lt x 1 -f- Aor^x 
X (x 2 , x 2 + Ax 2 ) of Q is proportional to the change in the surface 
area of that part of the membrane which is projected onto this ele¬ 
ment; the coefficient k (x) > 0 is called the tension of the membrane). 

If at the points of the boundary of the membrane a force is applied 
with linear density g x (x, u ) = g x (x) — o x (x) u (o 1 (x) 0 is the 

coefficient of elastic fastening of the boundary), then the work done 
by this force in displacing the membrane from the position cp (x) to the 
position u ( x ) is given by 

J [&(*)(» (x) — <P (*)) — (u 2 (x) — cp 2 (x)) ] dS. 

dQ 


Thus, in the position u (x), the potential energy of the membrane is 

£/(u) = t/(<p)+ j [fc(z)(fl + |Vuj 2 -l/l + |Vq>! 2 
Q 

+ y (w 2 — CP 2 )— f(u — <p)]dz + J [x (“ 2 ~ ( P 2 ) — gi (« — <p)] dS t 

dQ 

where U (<p) is the potential energy of the membrane in the posi¬ 
tion cp. 

To simplify the problem, we assume that the gradient of the func¬ 
tion u (x) is small for all the admissible positions u (x) which the 
membrane can have, and we neglect the terms of the order | yu | 4 . 
Then the potential energy of the membrane in position u becomes 

U (u) = £/(cp)+ J [4(1 Vu| 2 — | vcp| 2 ) + y(u 2 — cp 2 ) — f(u — <p)J dx 
Q 

+ j [-4 ( u2 — <P 2 )~ £i(» — <P)] dS. 

dQ 


If u is the equilibrium position of the membrane, then, by the 
principle of virtual displacements, the polynomial (in t) 

P (t) = U ( u-j-tv) 

= I/(u)-fi[J (kVuVv + auv — fv)dx+j (Ojuu — g t v) d<sj 
Q dQ 

+ 4[f (*l Vu| 2 -f av 2 )dx-\- j CT,i> 2 d,sl 
Q dQ 

3* 
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has, for any admissible y, a stationary point for t = 0. Hence 
^ P Jp- — 0, that is, for all v £ C 1 (Q) the function u (x ) describing 

the equilibrium position of the membrane satisfies the integral 
identity 

[ (kyu Vv + auv) dx + f a l uvdS = f fvdx~\- f givdS. (1) 

J J J J 

Q dQ Q dQ 

If the boundary of the membrane is fixed (tightly stretched), then 
all the admissible positions u of the membrane satisfy the condition 

w|sQ = <p|aQ- (2) 

In this case the potential energy of the membrane in any position 
u is (neglecting the terms of the order | yu | 4 ) 

u (u) = U (<p) + [ [yd Vnj 2 — | V<p| 2 +y(u 2 — <p 2 )~ f(u — <p)]dx. 

Q 

Let u be the equilibrium position of the tightly stretched mem¬ 
brane. Then for any function v 6 C 1 (Q) satisfying the condition 

v |dQ = 0 (3) 

the function u -f- tv satisfies condition (2) for all t. Therefore for 
all such v the polynomial 

P (t) = U (u -f- tv) = U (u) -f -1 j (kyu Vy + auv — fv) dx 

Q 2 

+ -j- j (&| Vy | 2 -f av 2 ) dx 

Q 

has a minimum when t = 0. This means that for all v £ C 1 ( Q) satis¬ 
fying (3) the function u (x) which describes the position of a tightly 
stretched membrane satisfies the integral identity 

J (kyu Vy + auv)\dx = j fvdx. ^ 

Q Q 

It will be shown in Chap. V that under suitable conditions on 
the given functions k, a, a x , /, g x , and in the case of a tightly 
stretched membrane also on iplaQ, the integral identities (1) and (4) 
determine unique functions u (x) subject to the condition (2). Further¬ 
more, it will be shown that if the boundary dQ is sufficiently smooth, 
then the functions u (x) belong to C 2 (Q). 

However, assuming here that u (x) £ C 2 (Q), k (x) g C 1 (Q), 
A; (x) > > 0, a (x) £ C (0, a 1 (x)£C(dQ), g x £ C (dQ), 96 
£ C (dQ), we shall obtain local conditions, in place of integral iden¬ 
tities (1) and (4), that must be satisfied by the desired function u (x)- 
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Since, by Ostrogradskii’s formula, 

f kS/u Vv dx — — j v div (kNfu) dx -J- | k v dS 
Q Q sq 

for any v 6 C 1 (Q), we can rewrite (1) and (4), respectively, in the 
form 

J (div(/cVu) — au + f)v dx— j [k ^-\-a x u —vdS = 0 (1') 

Q BQ 

and 

^ (div(/cV«) — au + f)vdx = 0. (4') 

Q 

Because the function div ( kyu) — au + / is continuous, from (4') 
we obtain 


div (kyu) — au + / = 0, x £ Q, (5) 

which together with the boundary condition (2) gives the required 
local conditions that must be satisfied by the function u (x) in the 
case of a tightly stretched membrane. The problem of finding the 
solution of Eq. (5) satisfying the boundary condition (2) is called 
the first boundary-value problem (the Dirichlet problem) for Eq. (5). 

Since the function v (x ) in (1') is an arbitrary function belonging 
to C 1 (Q), we find, in particular, that for v satisfying condition (3) 
u (x) in this case also satisfies Eq. (5). Therefore the identity (1') 
may be written as 

) ( k -^ + °^ u — Si)vdS = 0. 
bq 

Because any function in C 1 (dQ) admits of an extension into Q 
which belongs to C 1 (Q) (see Sec. 4.2, Chap. Ill), the last identity 
yields the boundary condition 

du , 

lm+ au 

where a = ajk ^ 0, g = gjk. 

The problem of finding a solution of Eq. (5) satisfying the boundary 
condition (6) is called the third boundary-value problem for Eq. (5). 
When o 2 = 0, the third boundary-value problem is known as the 
second boundary-value problem ( the Neumann problem). In this case 
the boundary condition becomes 


BQ 




( 6 ) 


du 

dn dQ 


(7) 
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Hence the equilibrium position of a membrane is described by the 
solution of Eq. (5) satisfying some boundary condition. Eq. (5) 
is elliptic and is called the equation of equilibrium for the membrane. 

We shall now investigate the problem of the motion of a membrane. 

Let u (x , t) define the position of the membrane at a given time t. 
Then the function u t (x , t) and u tt (x , t) (these derivatives are 
assumed to exist) define the velocity and acceleration of the mem¬ 
brane at a point x£Q. Suppose that at a certain (initial) time moment 
t — t 0 the position of the membrane and its velocity are given, that is, 

u| i=(o = \jj 0 ? (x), x£Q, (8) 

u t |t=i 0 = 'Mz), (9) 

The conditions (8) and (9) are referred to as initial conditions. 

By the D’Alembert’s principle, the equation of motion of the 
membrane is the equilibrium equation (5) in which f (x) has been 
replaced by the function — p ( x) u tt + f (x, i) (— p (x) u tt is the 
density of the force of inertia at the point x , p (x) > 0 is the 
density of the membrane at the point x, and / (x, t) is the density 
of the external force which, generally speaking, depends on t): 

div (k^ x u) — au + / (x, i) — p (x) u tt = 0, x £ Q, t > t 0 . (10) 


As in the static case, the boundary conditions have the form (2), 
(6) or (7), depending on the conditions defined on the boundary dQ 
and are fulfilled for all values of time t ^ t 0 in question. The pro¬ 
blems of finding a solution of Eq. (10) subject to conditions (2), 
(8), (9); (7), (8), (9); (6), (8), (9) are called, respectively, the first , 
second and third mixed problems for Eq. (10). 

Hence the motion of the membrane is described by the solution 
of Eq. (10) satisfying the initial and some boundary conditions. 
Eq. (10) is hyperbolic (in the three-dimensional space) and is called 
the equation of motion of a membrane. 

When the membrane is expanded infinitely (Q — i? 2 )> the func¬ 
tion u (x , t) describing the motion of the membrane for all x £ R 2 
and t > t 0 is the solution of Eq. (10) and satisfies initial conditions 
(8) and (9). In this case we say that u (x, t) is a solution of the ini¬ 
tial-value problem (the Cauchy problem) for Eq. (10). 

If the coefficients in Eqs. (10) and (5) are constants: k ( x) = k, 
p ( x ) = p, and a (x) = 0, then these equations are called, respec¬ 
tively, the wave equation 


a = 




« t t —An 


f(x, t) 
k ’ 


and Poisson's equation 


A u = 


fix) 
k ’ 


t>t 0 , (10') 

xeQ. ( 5 ') 
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In the case of one space variable, Eq. (10') has the form 

JL Uu -u xx = -&j±, *€(a,P), t>t 0 . (10") 

It describes the motion of a string situated over the interval (a, P). 
When x — (x lt x 2 , x 3 ), the equation 

u tt — Au =• J.&JL t t>i 0 , (10"') 

describes the motion of a gas in a region Q (the function u (x, t) 
characterizes, for example, small deviations at the point x £ Q at 
time t in the pressure of gas from the constant pressure). The quan¬ 
tity a in this case is the velocity of sound propagation in the gas. 

2. The Problem of Heat Conduction. Suppose that a substance 
in the three-dimensional region Q has the density p ( x ) > 0, heat 
capacity c (x) > 0, and the coefficient of heat conduction k (x) > 0. 
Let u (x, t) denote the temperature at x 6 Q at a given time t. Assum¬ 
ing that the temperature at the initial time t = t 0 is known: 

u(x, t) | t=(o = \Ji 0 (x) , x£Q; (11) 

it is required to determine it for t > t 0 . 

Let Q' be a subregion of Q. By Newton’s law, the amount of heat 
passing through the boundary dQ' into Q' in an interval of time 
(t i, t 2 ), t 0 ^ t t < t 2 , is equal to 

f.tz 

-J dxj k (x) ~ dS, 

ti dQ’ 

where n is the normal to dQ' which is outward with respect to Q'. 

If the source of heat is present in Q with a given density / (x, f), 
then the increase in the amount of heat in Q' in an interval of time 
(i lt t 2 ) is equal to 

tz <2 

j dt j f(x,t)dx — j dt j k(x)~dS 

ti Q' ti dQ' 

and therefore the equation of heat balance in Q' has the form 

tz tz 

— j dt j k (x) dS -f- ^ dt j / (x, t) dx 

ti dQ' tt Q' 

— j c (x) p (x) (u (x, t 2 ) — u (x, ti)) dx. 
Q' 
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(2 

Noting that u(x, t z ) — u(x, ;C 4 )= j ~^dt and using the Ostrograd- 

ti 

skii’s formula, we obtain 
(2 

j dt j J^c (x) P (#) ^ — div ( k (x) Vu) — / (x, t) j dx —- 0. 

tl Q' 

If the integrand is continuous in Q, then, because Q’ and the inter¬ 
val of time (f x , t 2 ) are arbitrary, the last equation is equivalent to 
the differential equation 

c(x)p(x)-^ —div (k(x) Vu) = f(x, t), x£Q, t>t 0 . (12) 

This equation is of parabolic type (in a four-dimensional space of 
the variables x t , x 2 , x 3 , t). When the functions c ( x ), p (x) and k (x) 
are constants, Eq. (12) is called the heat equation: 

A-U.-4 u = I^JL, (12') 

where a 2 — — . 

cp 

It should be emphasized that Eq. (12) holds only for t > t 0 and 
only for the interior points of Q. The behaviour of the function 
u ( x , t) for t = t 0 is given by the initial condition (11), and for 
x 6 dQ u ( x , t) should be subject to some additional conditions. 
This is motivated by the concrete physical problem establishing 
heat relation of Q with the external medium. 

In the simplest case, the value of the temperature u ( x , t) is given 
on the boundary dQ: 

u\dQ = fo{x,\t) ( 13 > 

for all values of t under consideration. In this case the temperature 
is described by the solution u (x, t) of Eq. (12) satisfying the condi¬ 
tions (11) and (13). 

If the density q 0 ( x , t) of the lieatj flow through the boundary 
is known, then, by Newton’s law, the boundary condition is of 
the form 

(14) 

If the temperature u 0 (x, t) of the medium external to Q is given, 
and the density q 0 (x, t) of the heat flow through the boundary dQ 
is proportional to the difference in temperatures u\ dQ and u 0 |aQ, 
then the boundary condition is of the form 

k ^■-\-k i u\dQ — kyUoldQ, (15) 
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where (x) > 0 is the coefficient of heat exchange of the body with 
the surrounding medium. 

The problem of finding solutions of Eq. (12) satisfying the condi¬ 
tions (11), (13); (11), (14); (11), (15) are called, respectively, the 
first, second, and third mixed problems for Eq. (12). 

When the substance occupies the whole of R 3 , Q = R 3 , the 
temperature u ( x, t) satisfies Eq. (12) for t> t 0 and the initial con¬ 
dition (11) for t — t 0 . In this case we say that u(x, t) is the solu¬ 
tion of the initial value problem (the Cauchy problem) for Eq. (12). 


PROBLEMS ON CHAPTER I 

1. Let a surface S of class C z divide the region Q into two disjoint regions 
Q + and Q~, and let the function u(x) belong to C X {Q) f] C 2 (Q + U S) f| C 2 (<?'U5) 
and satisfy in Q + and Q~ the second-order linear differential equation 

n n 

a ii( x ) u x-x.+ (*)«*. + « (*)“ = /(*) (1) 

i,j= 1 1 3 i=l 1 

when coefficients and free term are continuous in Q. Show that if for a neigh¬ 
bourhood U x o of a point x° £ S the function u(x) does not belong to C 2 (U X0 ) > 
then x° is a characteristic point for Eq. (1). 

2. Suppose that in a two-dimensional region Q there is given the second- 
order linear differential equation (1) whose coefficient and free term are analytic, 
and suppose that the two lines L, and L 2 which intersect at a point x° £ Q are 
characteristics for this equation. Show that the problem (the Goursat problem) 
has a unique solution u(x) of Eq. (1) satisfying the conditions u | Lj = Uj and 
“lx, — u 2 > where the functions and u 2 are analytic, in a neighbourhood of 
the point x° in the class of analytic functions (ufix 0 ) = u 2 (x°)). 

3. Suppose that a second-order linear differential equation with continuous 
coefficients is given in a region Q. Show the following. 

If the equation is elliptic (hyperbolic) at a point of Q, then it is also elliptic 
(hyperbolic) in a neighbourhood of this point. 

If there are two points in Q at one of which the equation is elliptic and at the 
other is hyperbolic, then there is a point in Q where the equation is parabolic. 
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CHAPTER II 


THE LEBESGUE INTEGRAL 
AND SOME QUESTIONS 
OF FUNCTIONAL ANALYSIS 


§ 1. THE LEBESGUE INTEGRAL 

The notion of an integral and that of an integrable function asso¬ 
ciated with it are fundamental for mathematical analysis. Due to 
the need of applied sciences, and of mathematics itself, these ideas 
have undergone radical changes during the course of their develop¬ 
ment. To solve some problems, it was enough to know how to inte¬ 
grate continuous or even analytic functions, while for other pro¬ 
blems it became necessary to enlarge these sets and sometimes even 
consider the set of all functions which are integrable in the sense 
of Riemann. What is more, in order to express mathematically a num¬ 
ber of phenomena even the set of Riemann-integrable functions is 
not rich enough. Naturally, this set was not sufficient even for the 
need of mathematics itself. 

In particular, some processes are described approximately by means 
of a sequence of “well-behaved” functions / fe (,z), k = 1 , 2, . . 
whose convergence can be asserted only in some integral sense. Thus, 
for example, the sequence fn{x), k = i, 2, . . ., may have one of 

the following properties: J | f h — f m | dx -> 0 as m, k oo (the 

sequence is fundamental in the mean), j ( f h — f m ) 2 dx-+- 0 (the 

sequence is fundamental in the mean square) or, in more complicated 
cases, the integrals containing derivatives of the functions converge 
to zero (the sequence is fundamental in the energy). These properties, 
in particular when the sequence is fundamental in the mean square, 
may not guarantee convergence in the ordinary sense: the sequence 
may not converge at any point. However, we can still show (it will 
be done below) that there exists a unique function to which this 
sequence converges in a definite sense (in the mean square). This 
function, generally speaking, is nonintegrable in the sense of Rie¬ 
mann, therefore the integral in the definition of convergence must 
be understood in some wider sense—in the sense of Lebesgue. 
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1. Set of Measure Zero. A set E cz R n is said to be a set of (n-dimen- 
sional) measure zero if it can be covered by a countable system of 
(rc-dimensional) open cubes the sum of whose volumes (total vol¬ 
ume) is arbitrarily small, that is, for a given e > 0 we can find a count- 

oo 

able system of cubes K^, K 2 , . . . such that Ed (J K { and the 

i=l 

oo 

total volume of these cubes 2 | A* | < e, where \K t \ is the 

i=l 

volume of the cube K h i — 1, 2, . . .. 

It readily follows from the definition that the set composed of 
a countable number of points has measure zero. The intersection 
and union of a countable number of sets of measure zero are sets 
of measure zero. The smooth surfaces of dimension k < n are also 
sets of measure zero. 

The following criterion will prove useful in what follows. 

Lemma 1. A set E is a set of measure zero if and only if it can be 
covered by a countable system of cubeshaving finite total volume so that 
every point is covered by infinitely-many sets of these cubes. 

First, suppose that the covering mentioned in Lemma 1 exists. 
Deleting from it a finite number of cubes with maximum volumes, 
we can make the total volume of the remaining covering arbitrarily 
small. This means that A is a set of measure zero. Conversely, if E 
is a set of measure zero, then it can be covered by a countable system 
of cubes with total volume less than 2~ ft for any integer k 1. The 
required covering is obtained by taking the union over k = 1, 2 , ... 
of these covers. Q 

If a property holds for all the points a: of a set G except, possibly, 
for the set of measure zero, then we say that this property holds 
for almost all points x(G, almost everywhere in G, a.e. (in G). Thus, 
the Dirichlet’s function % ( x ) which equals 1 at points whose all coor¬ 
dinates are rational and vanishes elsewhere, vanishes a.e. in R n . 

Let Q be a region of R n . Together with the functions defined every¬ 
where in Q (that is, having finite value at every point of Q), we shall 
also consider functions that are defined a.e. in Q, that is, functions 
which are undefined on a set of measure zero. The functions / + g, 
f-g (/ and g are defined a.e.) are defined at those points where both 
the functions / and g are defined. 

2. Measurable Functions. Let Q be a region of the space R n . A se¬ 
quence of functions (defined a.e. in Q) f h (x), k = 1, 2, . . ., is 
said to converge a.e. in Q if for almost all a; 0 £ Q the number sequence 
of values of these functions at the point x° has a (finite) limit. A func¬ 
tion f(x) is called the limit of an a.e. convergent sequence / fe (a:), 
k = 1, 2, . . ., fh(x)^>-f( x ) a.e. in <?, as &->- oo, if for almost 
all x° £ Q lim fk( x °) = f( x °)- It is evident that if two functions 

oo 
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/ ( x ) and g ( x ) are limits of the same sequence of functions, that 
converges a.e., they coincide a.e. 

A function / (x) is said to be measurable in Q if it is the limit of an 
a.e. convergent sequence of functions in C (Q). 

Let us note some of the obvious properties of measurable functions. 
Any linear combination of measurable functions is measurable; 
the function /^/a is measurable if so are / x and /,. Together with / 
the function | / | is also measurable. If the functions f lt / 2 , ... 
are measurable, then so are max (/; (x)), min (/ f (x)), and 

i<fe i<h 

lim / ft (x) (the limit is understood in the sense of a.e.). Since 

k —► oo 

sup (/ft (x)) = lim max (f t (x)) and inf (f k (x)) = lim min(/ ; (x)), 

k k —>oo h h-> oo 

it follows that these functions are also measurable provided so are 
/ft, k = 1, 2, .... If the derivative of a measurable function exists 
a.e., it is also measurable. 

It follows from the definition that a function / (x) belonging to 
C (Q) is measurable. An arbitrary function / (x) belonging to C (Q) 
is also measurable, because it can be expressed as the limit of a se¬ 
quence of functions belonging to C ( Q ) that converges in Q\ f (x) = 
= lim / (x) (x), where (x) is the slicing function for the 

6->0 

region Q (see Chap. I). 

3. Lebesgue Integral of Nonnegative Functions. We shall often 
consider sequences f h (x), k = 1, 2, . . ., of measurable functions 
that are monotone nondecreasing (nonincreasing) a.e. in Q, that is, 
the sequences which, for all k ^ 1, satisfy the inequalities 
f h+1 (x) /ft (x) (fh+i (x) ^ /ft (x)) a.e. in Q. If such a sequence of 
functions is bounded a.e. (that is, for almost all x° g Q the number 
sequence f h (x°), k — 1,2,..., is bounded), then it converges a.e. 
to some function. We shall denote this as follows: f h f / a.e. as 
k —>- oo if the sequence is monotone nondecreasing, and f h | / a.e. 
as A: oo if the sequence is monotone nonincreasing. 

A function / (x) which is nonnegative a.e. in Q is said to be Lebes- 
gue-integrable in Q (over Q) if there is a monotone nondecreasing se¬ 
quence of functions f h (x), k = 1, 2, . . ., in C (0 which converges 
to / (x) a.e. in Q and is such that the sequence of (Riemann) integrals 

j Zb (x) dx ^ C, k = 1, 2, . . ., is bounded above. The exact 

Q 

upper bound of the set | [ /s (x) dx, k = 1, 2, . . . j is called the 

Lebesgue integral of the function / (x): 

( L ) f /dx = sup f /ft(x)dx=lim \ f k (x)dx. (1) 

l ft l h-*°° i 
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Let us show that if the function j(x) nonnegative a.e. in Q is 
Lebesgue-integrable, then for any monotone nondecreasing sequence 
of functions f k {x), k = 1, 2, . . in C(Q) that converges a.e. 

to / the sequence of integrals j f' h (x) dx, k — 1,2,..., is bounded 

Q 

above and sup ^ f' k (x) dx = (L) i / dx, that is, the Lebesgue integral 

h Q Q 

is independent of the choice of the approximating sequence. 

Before proving the above statement, we shall demonstrate that 
if /^(a:), k — 1, 2, . . ., is an arbitrary sequence of functions in 
C(Q) such that f h f / a.e. as k oo (/ (x) 0 a.e.), then 

sup ^f k (x) dx ^ 0, and hence for any a.e. nonnegative function 
h Q 

J(x) that is Lebesgue-integrable 

(L) j fdx^z 0. (2) 

Q 

Let f h {x) f f(x) a.e. as k oo. Take an arbitrary e > 0. The 
set E consisting of points where the sequence f h , k = 1, 2, . . ., 
does not converge to / or where / < 0 is a set of measure zero, hence 
it can be covered by a countable set of open cubes {K t , i — 1,2, . . .} 
with total volume less than e. Let K denote the union of all the 
cubes of this cover. For any point x° £ Q\K fh( x °) f f{x°) >0 as 
k oo, therefore, there is an N — N (x°) such that f N (x°) > — e. 
Since the function f K (x) £ C ( Q ), the last inequality holds also in the 
intersection U xo f| Q °f the set Q with an open cube U x0 centred at 
the point x°. Because the sequence is monotone, the inequalities 
fh( x ) > — e also hold in £7*0 |"| Q for all fc N. The aggregate 
{£/*, x £ Q\K} U {K t , i = 1, 2, . . .} of open sets covers the 

set Q, and, since Q is closed, from this cover we can select a finite 

$ 

subcover £/ i, ..., U i, K it , ...,K Put K'— !) K u . Since 

x x » s . . j 

3=1 _ 

\ K' | < e and there exists an N 0 such that for all x £Q\K' cz 

i _ 

cr(Utf*.)n<? we have /ft(a;)> —e for all k^Nn, it follows 

j=i J 

that for these k 

\ fh( x )dx=: ^ f h (x)dx+ j f h (x)dx^z— z\Q\ + A& 

•Q Q\K’ K' 

= e(^-|(?|). 
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where | Q | is the volume of Q, A 1 — min /, ( x). Since e > 0 is 

arbitrary, the last inequality yields (2). 

Now suppose that f (x) is an arbitrary a.e. nonnegative Lebesgue- 
integrable function, and let f k (x), k = 1 , 2, . . ., f h f / a.e. as 
k — >- oo, be a sequence of functions in C (Q) for which the sequence of 
integrals is bounded. Taking an arbitrary sequence of functions 
fk (x), k = 1, 2, . . ., in C ( Q ) such that f (x) f f (x) a.e. as 
k -*■ oo, we shall show that 


lim \ f'hdx = lim \ f h dx. 

h-*-oo J h->oo J 


Consider the sequence f h — f m , k= 1, 2, ..., with arbitrary m. 
Since, as k-+oo, f h — a.e. in Q, it follows that 

lim i ( f h — f' m )dx= lim 1 f h dx — \ f' m dx^0. Hence the sequence 

h-+oc ■■ h-*-oo •' 


( fm dx, 


h ^°° Q " Q Q 

= 1, 2, ..., is bounded and lim 1 f m d. r^lim j f h dx, 
-q m ~°° i h ^°° Q 

and, because the reverse inequality obviously holds, the assertion 
is established. 

Let us consider a cube containing the region Q and sides parallel 
to the coordinate planes, and decompose it by planes parallel to 
the sides into a finite number of parallelepipeds. The nonempty 
intersection of an open parallelepiped of the resulting decomposition 
with the region Q will be called a cell (of decomposition of Q), and 
the aggregate of all the cells the decomposition II of Q. A measurable 
function / (x) is called step-function in Q if it assumes only constant 
values inside each cell of a decomposition II of Q. 

By the integral of a step-function we shall obviously mean the 
sum of volumes of all the cells multiplied by the value of the function 
in the corresponding cell. 

Lemma 2. For every monotone nondecreasing sequence of functions 
f h (x), k = 1,2,..., in C (Q) there exists an a.e. monotone nonde¬ 
creasing sequence fh {x), k = 1 , 2, . . ., of step-functions such that 
fk (x) fh (*), k = 1,2,..., a.e., and f h (x) — f h ( x ) -*• 0 a.e. 
as fc —> oo . 

Proof. Since the function f h (x) is uniformly continuous, we can 
find a number 6 fe > 0 such that ] f h (%') — fh OO I < 2~ h for any 
points x\ x" £ Q satisfying | x' — x" \ < 8 ft , k = 1, 2, . . .. We 
denote by a decomposition of Q with maximum diameter of the 
cell 6j. The step-function f\ (x), which is equal to min f x (x) 

x£h 

in every cell K of the decomposition II^ has the property that 
OO/, {x) — f\ (x) ^ 2 _1 for almost all x g Q. By taking finer decom_ 
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position of 11* we can construct a new decomposition n 2 with maxi¬ 
mum diameter of the cell ^ 8 2 . The step-function /£ ( x ), which is 
equal to min / 2 (x) in every cell K of n 2 , satisfies the inequalities 

x{k 

0 ^ / 2 (a:) — fz ( x) ^ 2 -2 for almost all x £ Q- Furthermore, f’o (x) 

^ /' (x) a.e. in Q. Continuing this process, we obtain for any k 1 
a decomposition II of Q and together with it a step-function f' h (x) 
having the properties that 0 ^ f h (x) — f' h (x) < 2~ h , ff, (x) ^ f k _ 1 (a:) 
for almost all x £ Q. Hence f k (x) ^ f h (x) a.e. in Q , and a.e. in Q 
the sequence f h (x) — fn{x), k — 1 , 2, . . ., has a limit equal to 
zero. | 

Lemma 2'. For any sequence of step-functions f' h (x), k — 1, 2, . . ., 
which is monotone nondecreasing a.e. in Q, there exists a monotone 
nondecreasing sequence of functions f k (x), k = 1, 2, . . ., in C (Q) 
such that f h (x) ^ f' h (rr) a.e. and f' h (x) — f h (x) —>- 0, as k —> oo, 
a. e. in Q. 

Proof. Evidently, it suffices to establish the lemma for f\ (x) 0 

a.e. 

Consider the function f' h (x) (f\ (x) 0 a.e. implies that f' h (x) ^ 0 

a.e.), and let the corresponding decomposition II( of a cube contain¬ 
ing Q ( a 0 denotes the length of the side of the cube) consist of m k cells 
(when the decomposition n fe of Q corresponding to f' h does not con¬ 
tain more than m h cells). Take § ft == min 9 naw - lmft 2 ~ft } 1 where 

a h is the length of the smallest of all sides of all the parallelepipeds, 
the cells of decomposition n&, and let (x), 0 ^ Z% h (x) sjC 1, 
where is the slicing function (see Introduction, Chap. I) for 
the pth cell of decomposition 11^, ( 8 k is chosen so that the total vol- 


m h 

ume of the intersection of parallelepipeds, where 2 (?) < 1* 

p=i 

with Q does not exceed 2 ). 


m h 

Let Tp ft (cc) denote the function f'h{x)- 2 tl h (x). It is easy to see 

p=i 


that -vpft (x) € C(Q), aj5 ft (a:) < f' h {x) a.e., and f' h (x) — ty h {x) -> 0, 
as k-*- oo, a.e. Then the functions f h (x) = max i)) ro (.z), which are 

m<f.h 

continuous in Q, satisfy a.e. the inequalities f h (x) fh(x), k = 
= 1,2,..., and f' h (x) — f k (x) ->- 0, as k -*• oo, a. e. | 


Lemmas 2 and 2' immediately imply the following proposition. 
Theorem 1. In order that a function f\x) nonnegative a.e. in Q may 
be Lebesgue-integrable over Q, it is necessary and sufficient that there 
exist an a.e. monotone nondecreasing sequence f k (x), k = 1, 2, . . .* 
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which converges to f (x) a.e ., of step-functions with hounded sequence of 
integrals. Furthermore , ( L) j ' f dx = sup j f h dx. 


Lemma 3. A monotone nondecreasing sequence of functions in 
C (Q) having bounded sequence of integrals converges a.e. in Q. 

It follows from Lemma 2 that in order to prove Lemma 3 it suf¬ 
fices to establish the following proposition: If the sequence of step- 
functions f h , k = 1, 2, . . is monotone nondecreasing a.e. and 
the sequence of their integrals is bounded, then the sequence / ft , 
k = 1, 2, . . converges a.e. in Q. 

Let us cover the boundary dQ (dQ 6 C 1 , see Introduction, Chap. I) 
by a finite number of closed cubes K u . . ., K t with sufficiently 

t i 

small total volume so that the set Q' = Q\ U K-t is a region. Evi- 

i=l 

dently, it is enough to show that an a.e. monotone nondecreasing 
sequence of step-functions f h , k = 1, 2, . . ., converges a.e. in the 
polyhedron Q'. 

Consider an arbitrary function f h (x) from this sequence, and let II ft 
be the corresponding decomposition of the polyhedron Q'. 

Let S denote the union of sides of all such polyhedra which belong 
to at least one of the decompositions IT ft , k = 1, 2, . . ., and let % 
denote the aggregate of all the points x of the set Q'\S at which 
the number sequence f k (x),k~i, 2, . . ., is unbounded. Because S 
is a set of measure zero, it is enough to show that % is a set of mea¬ 
sure zero. 

Taking an arbitrary e>0, we denote by e the set which 
consists of (a finite number) of cells of the decomposition Il ft on 

which / ft (a:)> 1/e. Since /* (x) dx^z — j A t | | Q' | + ~-\ % h ,e |, 

Q' 

where A t is the least value that the function / 4 (x) assumes on the 
cells of the decomposition (f h (x)^A 1 a.e. in Q'), it follows 
that jgft, e |<e (C-f I^H^I). Since 


: U g ft ,e = g 1 .eU U (8fc+i,e\g*,e). 

h=l h—1 


the set % is covered by a countable system of polyhedra; further¬ 
more, the total volume of these polyhedra does not exceed 
e(C-f- j A t || Q j), because, in view of the fact that the sequence 
of step-functions / ft (x), k— 1, 2, ..., is monotone a.e., for any 

gj.eU U (^h+i.e\gft. e) cfjv.e and hence 
fc=i 


1^1, e|+ S I e\&h. e | %N, 

h=i 


e|Ce(C + |^ 1 ||(?|). 


~Hl.fvttt.fxn4.fvtLC.aJ. ~Ph.y.A.icA. 



LEBESGUE INTEGRAL. QUESTIONS OF FUNCTIONAL ANALYSIS 


49 


But then the set % can be covered by a countable system of open 
cubes with total volume less than 2e (C + | ^ | | Q |). | 

4. Lebesgue-Integrable Functions. Any real-valued function f(x ) 
can be expressed as 

/ (x) = f + (x) — f~ (x ), (3) 

where the functions / + (x) = max (/(i), 0) and f~{x) = 
= max (— f(x), 0) are nonnegative. 


The function f(x) is said to be Lebesgue-integrable over Q if the 
functions f + (x) and f~ (x) in (3) are Lebesgue-integrable over Q. The 
integral of f(x) is defined by 

(L) j f dx — (L) J f* dx — (L) J f~dx. (4) 

Q Q Q 

Let A (Q) denote the set of functions that are Lebesgue-integrable 
over Q. From the definition of A (Q) it follows that the function 
C 1 f 1 (x) + C (x) £ A(Q) if the functions f t (x) £ A(Q) and C t 
are any constants, i = 1, 2. Furthermore, 


(L) ^ (CJi + C 2 f 2 ) dx — Ci 
Q 


(L) j' fi dx + C 2 (L) J f 2 dx. 


Therefore, in particular, | / (jj) | = f + (x) + f~ (x) 6 A (Q) if 
f(x) 6 A{Q), that is, a Lebesgue-integrable function is absolutely 
integrable. Since | / | + / = 2/ + 0 and | / | — f = 2 \f~ ;> 0, 

inequality (2) implies 


(L) | fdx s^(L) [ \f\dx 


(5) 


for / e A(Q). 

For functions / lt / 2 in A (Q) satisfying the inequality f x ^ / 2 for 
almost all x £ Q, by the same inequality (2) we have the inequality 


(L) j fidx^L) j f 2 dx. (6) 

Q Q 

The functions max {f x (x), f 2 (x)) = — (/ x + / 2 + | f 1 — / 2 |) and 

min (f x (x), f 2 (x)) = ~ (A + / 2 — | h — U I) belong to A{Q) if so 

do the functions^ and/ 2 , and therefore also max (f^x), . . ., f m (x))£. 
6 A (<?), min (Jfi( x ), ■ ■ ■, fm(x)) € A (Q), if f t {x) 6 A (<?), i = 
= 1 , • • ., m. 

Theorem 6. In order that an a.e. nonegative function f(x) which 
is Lebesgue-integrable over Q may vanish a.e., it is necessary and 

sufficient that ( L) ^ f dx — 0. 

Q 
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Proof. If / (x) — 0 a.e. in Q, then the sequence / ft (x), k = 
= 1, 2, . . of functions that are identically zero in Q has the 
property that f h (x) f f (x), asfc—>-oo, a.e. in Q. Therefore, by 

definition, ( L ) ^ f dx — 0. 

Q 

Conversely, suppose that ( L ) j / dx = 0. Then there exists a se- 

Q 

quence of functions / h (x), k — 1,2,..., in C(Q) such that 
f h (x) f /(x), as k-*-oo, a.e. Now consider the sequence fj t (x), 
k = 1, 2, .... Evidently, // (x) £ C(Q), k = 1, 2, . . ., and 
ft(x) f / (x), as /e -*■ oo, a.e., thereby implying that j /ft(x)dx< 

Q 

I » 

^ (L) j / dx = 0, that is /J(x) = 0 for all /c ^ 1, which, in turn, 

b 

yields that / = 0 a.e. | 

5. Comparison of Riemann and Lebesgue Integrals. If a function 
/(x) is Riemann-integrable (it should be recalled that Riemann 
integral is defined only for bounded functions), then, as is known, 
there exist two sequences /&, k = 1 , 2, . . ., of step-functions, 
with /h, /e = 1, 2, . . a.e. monotone nondecreasing and /ft, A; = 
= 1, 2, . . ., a.e. monotone nonincreasing, that converge to / (x) 
a.e. and are such that the sequences of their integrals have a common 
limit equal to the Riemann integral of /(x). In the more “economical” 
process of constructing a Lebesgue integral, it is enough to have 
(in view of Theorem 1) only the first of these sequences (the bounded 
function /(x) can, by adding an appropriate contant, be assumed 
nonnegative). 

Hence if a function f (x) is Riemann-integrable, then it is also Le- 
besgue-integrable and the two integrals coincide. Henceforth the letter 
L before the integral sign will be dropped, and an integral will always 
mean a Lebesgue integral, while an integrable function will mean 
a function belonging to A(Q). 

The set of bounded functions belonging to A (Q) is larger than 
the set of Riemann-integrable functions, because, for instance, the 
Dirichlet function % (x) £ A ( Q ) is bounded but not Riemann-inte¬ 
grable. 

Furthermore, in the construction of the Lebesgue integral of 
/ (x) it was not assumed that the function is bounded; for example, 
the unbounded function | x |~“ for 0 < a < n belongs to A (| x | <1). 
In Courses of Analysis the idea of Riemann integral is extended to 
unbounded functions (improper integrals). It can be easily shown 
that an absolutely Riemann-integrable (in the improper sense) func¬ 
tion /(x) belongs to A (Q) and that its Lebesgue integral coincides 
with the improper Riemann integral. 
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Let us note that in regions of dimension not less than 2 all the 
improper Riemann-integrable functions are absolutely integrable 
in the improper sense. Therefore only in the one-dimensional case the 
existence of improper Riemann integral of a function may not 
imply its integrability in the sense of Lebesgue. An example of 
1 1 

this is the function — sin — defined on (0, 1). 

6. Sufficient Conditions for Lebesgue-Integrability. Levy’s Theo¬ 
rem. We shall now establish a relationship between measurability 
and integrability of a function. Ry definition, an integrable function 
is measurable; however, as illustrated by the function \ x |~ a , a > n, 
defined in the ball {) x | < 1}, not every measurable function is inte¬ 
grable. Let us establish some sufficient conditions for integrability. 
For this, we shall require theorems on the passage to limit under the 
integral sign, which are also important in their own right. 

First, we examine monotone sequences of functions and prove a theo¬ 
rem which states that the set of integrable functions is “closed” with 
respect to monotone limit processes. 

Theorem 3 (B. Levi). An a.e. monotone sequence of functions 
f h (x), k = 1, 2, . . ., integrable over Q with bounded sequence of inte¬ 
grals converges a.e. in Q to an integrable function f (x), and 


lim 

h-*-oo 


( f h dx= ^ f dx. 


(7) 


Proof. It is enough to prove the theorem for a monotone nondecreas¬ 
ing sequence. By changing the sign of all the functions, the case of 
a monotone nonincreasing sequence can be reduced to the previous case. 

So, let f h (x), k = 1,2, . . ., be an a.e. monotone nondecreasing 
sequence of integrable functions. Without loss of generality, we may 
assume that f h (#) ^ 0 a.e., k = 1, 2, ... (otherwise, instead of the 
sequence f h (x), k = 1,2,..., we would consider the sequence 
F h (%) = fh (x) — fi (#)> k = 1 , 2, . . ., consisting of a.e. nonnega¬ 
tive functions). 

For every k 1, we examine the sequence of functions f hm (x), 
m = 1, 2, . . ., in C (Q), f hm {x) f f h (z), as m oo, a.e. in Q. 
The functions <p m (x) = max ( f im (x)), m = 1, 2, . . ., belong to 

i<m 

C ( Q) and have the following properties: 

(a) <p m (x) < <p m+1 {x), 

(b) f hm (z) ^ (p m (x) ^ f m (x) for k ^ m (the second inequality 
holds a.e.), 

(c) [ <p m (a:) dz ^ j f m (x)dx^C, 

Q Q 

(d) j fhm (x) dx < [ (pm (x) dx for k<gf.m. 

Q Q 
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From (a), (c) and Lemma 3, we find that f /, as m oo, a.e. 
in Q, where / is a measurable function. Passing to limit as ro->oo 
in the left inequality of (b) and using the right inequality of (b), 
we obtain, for all k, cp fe (x) ^ f h (x ) ^ / (x) a.e. in Q. Then, as 
&->■ oo, f h (x) f ( x ) a.e. in Q and f (x) 0 a.e. in Q. Hence 

/ (x) (; A (Q) and 1 / dx — lim 1 <p ft (x) dx. Taking the limits, 

J h-*-oo J 


as m ■ 


■oo, in (c) and (d), we have \ f h dx^. \ f dx ^ lim \ f m dx 

•l v m ->oo J 


for every k, that is, \ f dx = lim I f m dx. £ 

q Q 

By means of Levi’s theorem the following sufficient condition for 
integrability of a function is established. 

Theorem 4 (Fatou’s Lemma). If the sequence / ft (x), k = 1, 2, . . ., 
of a.e. nonnegative integrahle functions converges a.e. to a function 


/(x) and j f h dx ^ A, k = 1, 2, . . ., then f (x) is indegrable and 
Q 

j f dx ^ A. 

Q 

Proof. Consider the integrahle functions (x) = min (/ ; (x)) 

m<:i<:k 

with m k. In view of the fact that as k -*■ oo ty m k{x) j i|) m (x) = 
= inf ( fi (x)) a.e. and 0 ^ ty mk (x) f m (x) a.e., the inequality 

(6) and Levi’s theorem imply that i)j m (x) £ A ( Q) and 0 ^ 

< t|j to (x) dx ^ j f m (x) dx ^ A. The assertion of the theorem 
Q Q. 

now follows from Levi’s theorem, since a.e. i|) m (x) f / (x) as m oo. | 
Another sufficient condition for a function to belong to the set 
A (Q) is contained in the following theorem. 

Theorem 5. If a function f (x) is measurable and \ f (x) \ <C, g (x) 
a.e., where g (x) is an integrahle function, then f (x) is also integrahle. 

Thus a measurable function with integrahle modulus is integrahle, 
and, in particular (the region Q is bounded!), every bounded (that is, 
| f (x) | ^ const a.e. in Q) measurable function is integrahle. 

Proof of Theorem 5. Since the function / {x) is measurable, there 
is a sequence of integrahle (in fact, of even continuous in Q) 
functions f h (x), k — 1,2,..., which converges to / (x) a.e. 
in Q. The sequence of integrahle functions f' h (x) = 
= max (—g (x), min ( f h (x), g (x))), k — 1, 2, . . ., also converges 
to / (x) a.e. and has an additional property that | f h (x) | ^ g (x) 
a.e., k = 1, 2, .... Then the sequence(x) + g(x),k = 1, 2, ..., 
is composed of a.e. nonnegative functions, converges a.e. to / + g. 
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and for all k j (fh + g) dx ^ 2 j* g dx. By Fatou’s lemma, / + 
Q Q 

+ g 6 A (0, thereby implying / £ A (0. | 

From Levi’s theorem and Theorem 5 we obtain the following 
result. 

Corollary. If f h (x)£A(Q), k— 1, 2, and the series 

oo OO 

2 [ \fh\dx< oo, then the series 2 fk{%) converges a.e. in Q 

fe=l Q fc=l 

m 

absolutely ^that is, the sequence V | fh(x)\-> ni — \, 2, ..., con¬ 
fix l 

OO 

verges a.e. j , and the function /(a:) =2 /ft 0*0 € A (0. 

7. Lebesgue’s Theorem on Passage to Limit under the Integral 
Sign. One of the fundamental results of the theory of Lebesgue inte¬ 
gration is the following theorem, due to Lebesgue, regarding the 
passage to limit under the integral sign. 

Theorem 6 (Lebesgue). Let the sequence of measurable functions 
f h (re), k = 1, 2, . . ., converge a.e. in Q to a function f (x), and let 
| / ft (x) | ^ g (x) a.e., k — 1, 2, . . ., where g (x) is integrable. Then 
f (x ) is also integrable and 



(7) 


Proof. By Theorem 5, the functions f h (x), k = 1, 2, . . ,, are 
integrable. 

Consider the measurable functions cp s (x) = sup ( f h (x)) and i|j s (x) = 

h>s 

= inf (/ ft Or)), s=l, 2,- Since a.e. | cp s (z) (z) and | {x) |< 

f!>S 

sglg (x), s= 1, 2, ..., the functions (p s ( x ) and iji s (x), s = 1,2, . . ., 
are also integrable. But, as s~*-oo, cp s (x) | / (x) and f,(i:)|/(i) 
a.e. which, according to Levi’s theorem, implies that f(x)£A(Q) 

and f fdx — lim <p s d;r = lim ^ cZai. Now (7) is a consequence 

j S-+CO * Q 

of the obvious inequalities t]i s (x) ^/ s (x) ^<p s (x) a.e., s — 1, 2, ... . | 
The relation (7) may not hold if the majorant of the sequence is 
not an integrable function. For instance, the sequence f h (x) — 

= ——- (1 — | x |), k = 1, 2, . . ., where o n is the surface area of 

°n 

unit sphere in the n-dimensional space, defined in the ball Q = 


C-tlL 
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= {| x | < 1} tends 


zero everywhere in 


j fh dx = 


= 7 - 7 —;— 777 —;-r— 7 x 1 as k —*- 00 . 

{kn) (kni) 

Lebesgue’s theorem yields the following result. 

Theorem 7. Suppose that for some s ^ 0 the function f(x , y), x— 


= (*i, 


X n ) 6 <? CZ Rn, y = (l/l, 


y m ) € & 1 


belongs 


to the space C s (Q) /or almost all x £ Q, and for all y £ Q and | a 


^ s | Dy f (x, y) | ^ g (x) for almost all x £ Q, where the function 
g (x) is integrable oner Q. Then j / {x, y) dx £ C s (Q). 

Q 

8. Change of Variables under the Integral Sign. As regards the 
change of independent variables, the Lebesgue integral behaves 
exactly like a Riemann integral. 

Suppose that the transformation 


y = y (x) (yt = yi (*i, • • x n ), i == l, . . n) (8) 


that is continuously differentiable in the region Q maps Q one-to-one 
into the region Q'. First of all, we shall show that this transforma¬ 
tion maps a set of measure zero into a set of measure zero. 

Indeed, let E, Em Q, be a set of measure zero. Since the union of 
a countable number of sets of measure zero is a set of measure zero, 
it is enough to show that under transformation (8) the image of the 
set E 6 = E fl Qs, with sufficiently small 6 > 0, is a set of measure 
zero. 

Let e > 0 be arbitrary. The set E 6 can be covered by a countable 
set of cubes with total volume less than e. We may assume that all 
the cubes of this cover have diameters less than 6/2, thereby implying 
that all of them belong to <?6/ 2 - Since every cube, with diameter d, 
of this system is mapped by (8) into a region with diameter d' ^ 
^ d y n max | VP; I = Cd, the image of the set E 6 can be covered 

1 <1 i^n 
3ceQ 6 / 2 

by a countable system of cubes whose total volume is less than 
C n ( Yn) n s. This proves the assertion. 

Theorem 8. Let the transformation (8), which is continuously differ¬ 
entiable in Q and has a nonvanishing Jacobian J(x) in Q, map Q one- 
to-one into Q'. In order that a function f (y) may belong to A (Q') it is 
necessary and sufficient that the function f (y (x)) | / (x) \ belong to 
A (0. Furthermore, 

f(y)dy= J f(y(x))\J {x)\dx. (9) 

Q 

Proof. The inverse transformation corresponding to (8) maps Q' 
one-to-one into Q , is continuously differentiable in Q', and has a 
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nonvanishing Jacobian in Q'. Therefore it suffices to establish 
Theorem 8 only in one direction, and we may confine to the case 
where / ( y ) is a.e. nonnegative in Q'. 

Let / ( y ) be an a.e. nonnegative function integrable over Q ', and 
let fh (*/)> k = 1, 2, . . ., be a sequence of functions in C ( Q '), 
/ft (y) f / (y )i as k oo, a.e. in Q'. Consider the following sequence 
of continuous functions in Q': /,' ( y ) = f h ( y ) £ (/cp ( y )), k = 1, 2, ..., 
where the function £ (t) defined over [0, oo) equals zero for 0 ^ 
^ t ^ 1/2, 2 1 — 1 for 1/2 <C t < 1, 1 for £ ^ 1, and p ( y) is the 
distance of y 6 Q' from the boundary dQ' (p (y) 6 C ( Q ')). 

Obviously, for any k f' h (y) ^ f h (y) ^ / (y) a.e. in <2' (this implies 

that the sequence j f' h dy, k = 1 , 2 , . . ., is bounded) and, as 

Q 

k-+ oo, 1’ h {y)\f (y) a.e. in Q . Hence 


lim 

Ii-+oc 


[ fh {y) dy = jf (y) dy. 

Q' Q 


Since the functions f' h (y) are continuous 
j fa (y) dy = j f, (y (x)) | / (x) \ dx, k = 1,2, 


in Q ', we have 
.... Hence the 


function / (y (x)) | / (x) |, being the limit of a monotone nondecreas¬ 
ing sequence of functions f h (y ( x)) | / (x) |, k = 1, 2, . . ., in 
C (Q) that converges a.e. in Q, is integrable over Q and relation (9) 


holds. | 

Remark. Theorem 8 readily implies that if in Q the inequalities 
^ I J ( x ) I C l7 where C 0 and C x are some positive constants, 
hold, then a necessary and sufficient condition for the function / (y) 
to be integrable over Q’ is that the function / (y (x)) be integrable 
over Q. Moreover, we have the inequalities 


Co j' |/(t/(x))|dx< j |/(0)|<ty<Ci ( \f(y(x))\dx. (10) 

Q Q Q 


9. Measurable Sets. Integrals over Measurable Sets. Consider 
a subset E of Q. The function % E (x) equal to 1 for x £ E and zero 
for x £ Q\E is called the characteristic function of the set E. 

A set E is called measurable if its characteristic function is mea¬ 
surable. The measure of a measurable set E (mes E) is defined by the 
relation 

mes E = | % E (x)dx. (11) 

Q 

(The integral on the right side exists in view of Theorem 5.) 
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If Q' is a subregion of Q, then it is measurable, since xq' ( x ) = 
= lim Cs (#), where £5 ( x ) is the slicing function for Q'. Further, 
e-<-o 

mes Q' — | Q' \. 

The sets of measure zero defined in Subsec. 1 are measurable, and 
they are the only sets with zero measure {according to the definition 
just given). To prove this statement, it suffices to use Theorem 2 of 
Subsec. 4. 

If E is a measurable subset of Q and / ( x ) is integrable over Q , then 
by definition we consider this function to be also integrable over E, 
and the integral is defined by 



( 12 ) 


(Again, in view of Theorem 5, the integral on the right-hand side 
exists.) 

If E is a subregion Q’ of Q, then, as is easy to see, these new defini¬ 
tions of integrability and of integral over Q' , of course, do not con¬ 
tradict the respective definitions (Subsec. 4) given directly for Q'. 

10. Absolute Continuity of an Integral. The following property 
is known as absolute continuity of the Lebesgue integral. 

Theorem 9. Let a function f ( x ) be integrable over Q. Then for any 
e > 0 there is a 8 >• 0 such that for an arbitrary measurable set E czQ, 
mes E < 6, the inequality 



(13) 


holds. 

Proof. In view of the inequality (5), it is enough to prove the 
theorem for | / (x) |, that is, we may assume that / (i) > 0 a.e. in Q. 

Taking an arbitrary e ;> 0, we choose a function f e ( x ) £ C (Q) 
such that /(x)^/ E (x)^0 a.e. in Q and 0^ j f dx — ^ / g c£r^s/2. 

Q Q 


Then / dx = j f% E dx = j (/ — f e ) % E dx + j f e % E dx + M & mes E , 

E Q Q Q 

where M e — maxf t (x). Hence (13) follows if we set 6 = e/(2 M z ). g 


x£Q 

11. Relationship between Multiple and Iterated Integrals. We 

shall now discuss the question of reducing a Lebesgue multiple 
integral to an iterated integral, and simultaneously the question 
of interchanging the order of integration. 

Let Q n be an rc-dimensional bounded region in variables x = 
= (xj, . . ., x n ) and Q m an m-dimensional bounded region in va¬ 
riables y = (y lt . . ., y m ). We consider a function f {x, y) in the 
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bounded region Q m + n = Q m X Q n of ( m + n)-dimensional space 
in variables ( x , y). 

Theorem 10 (Fubini). Let the function f (x, y) be integrable over 
Qm+n • Thenf (x, y) is integrable with respect to y £ Q m for almost all 
x 6 Qm is integrable with respect to x £ Q n for almost all y (zjQrm the 

functions j / {x, y) dy and j / (x, y) dx are integrable with respect 

9m Q n 

to x d Q n and y £ Q m , respectively , and 


\ 

Qm+n 



(14} 


It is, of course, enough to prove Fubini’s theorem (see Subsec. 9) 
for the case where Q n is the cube K n — {| x t | < a, i = 1, ..., n }, 
Q m is the cube K m = {1 y t | < a, t = 1, . . ., m), and Q m+n is- 

the cube K m+n = {| x t \ < a, \y } \<.a, i = 1, . . ., n, j = 

= 1, . . ., m} for some a > 0. Before proving the above theorem, 
we shall establish the following assertion. 

Lemma 4. Let E be a set of (m + n)-dimensional measure zero' 
situated in K m + n , and let E 2 (x) and E 1 (y) be its m- and n-dimension- 
al sections by the planes x = x and y — y, respectively. Then for almost 
all x 6 K n the set E 2 (x) has m-dimensional measure zero and for almost 

all y £ K m the set E x (y) has n-dimensional measure zero. 

By Lemma 1 (Subsec. 1), the set E can be covered by a countable- 
system of cubes with finite total volume in such a manner that every 
point of the set belongs to infinitely-many cubes. We may assume 
that the sides of these cubes are parallel to coordinate planes. The 
series formed by integrals of characteristic functions % k (x , y) of 

these cubes converges. Since f % k (x, y) dx dy = f dx f Xu dy, 


according to Corollary to Theorems 3 and 5 (Subsec. 6) the series- 
composed of integrals j % h (x, y) dy converges for almost all x. This, 

* m 

in turn, means that for almost all x the set E 2 (x) is covered by a count¬ 
able system of m-dimensional cubes with finite total volume in a 
manner such that each of the points lies in infinitely-many such 
cubes. | 

Proceeding now to the proof of Fubini’s theorem, we first note 
that we can confine to the case / (x, y) ^ 0 a.e. in K m+n . 

Take a sequence of functions f h (x, y), k — 1, 2, . . ., in C ( K m+n y 
such that f h (x, y) f / (x, y) a.e. in K m+n . Denote by E a set having^ 
(m + re)-dimensional measure zero such that for all (x, y) 6 K m+n \E' 
the sequence f h (x, y) converges monotonically to / (x, y). 
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By the definition of an integral, 

\ dx ] fh(x,y)dy= I* f h (x, y)dxdy [ jdxdy 


as k 


oo. 


By Levi’s theorem, monotone sequence F h (x) = J f h ( x , y ) dy, 

K m 

k = 1, 2, . . ., of functions belonging to C ( K n ) converges a.e. in 
K n to a function F (x) integrable over K n , and 


^ F dx = lim f F h (x) dx — f f dx dy. 

k' h ~*°° K * 

K ” Km+n 


(15) 


Let us take an arbitrary point x £ K n at which the number sequence 
F h (x), k = 1, 2, . . converges to F (x) and the set E 2 (x) (the 
intersection of E with the plane x = x) has m-dimensional measure 
zero. According to Lemma 4, the set of points of K n not satisfying 
these properties has n-dimensional measure zero. The sequence 
fh (•£> y)i k — 1, . . ., converges monotonically for all y 6 K m \E 2 (x) 
(consequently, a.e. in K m ) to / (x, y). Levy’s theorem asserts that 
/ (x, y) 6 A {K m ), and, as k -*■ oo, 


\ fh (*, y) d y\\f (*, y) dy. 


(16) 


Hence the functions j f (x, y) dy and F (x) coincide a.e. in A n .( 

m 

In what follows, we shall often make use of the following propo¬ 
sition which is a consequence of Fubini’s theorem. 

Corollary. If f (x, y) is measurable in Q m + n , is a.e. nonnegative , 
and if one of the iterated integrals in (14) exists (that is, for instance , 
for almost all x f (x, y) is integrable with respect to y and the function 

j f dy is integrable with respect to x), then the function f ( x , y) is 
Qm 

integrable over Q m + n , and hence the second iterated integral also exists 
and (14) holds. 

To establish this, it suffices to verify that f (x, y) £ A ( Q m + n )■ 
The sequence f h (x, y) = min (/ (x, y), k), k = 1, 2, . . ., has the 
property that f h (x, y) f f (x, y) a.e. in Q m +n, 

j fh (x, y) dx dy = [ dx j f h (x, y) dy < j dx £ / dy 

Qm+n Q n ®m Qm 
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■(the equality here has been written on the basis of Fubini’s theorem 
as applied to a measurable and bounded, and hence integrable over 
Qm+n, function f h ( x , y )). The fact that / (x, y) £ A (Q m+n ) now 
follows from Levi’s theorem. 

12. Integrals of the Potential Type. Let a function p (x) be meas¬ 
urable and bounded a.e. in Q, | p (x) | ^ M a.e. Then for every 

x 6 R n the function u (x) = [ p ^ dy , a < n, is defined and is 

q l x -y\ 

known as integral of the potential type. 

Let us show that u (x) £ C ( R n ). For a ^ 0 it is obvious, so let 

a > 0. We first note that for any points x° and x and any 8 > 0 

we have the inequality 


I u (x°) — u (x) | < j | p (y) | 


1 

1 

| x° — y |a 

1 x-y\ a 


dy 


f (- - -1--- )dy 


|x°-j/|<6 

+ M f 


r°- 


V 




dy. (17) 


on{h°-vi>6} 

Fix z 0 and take an arbitrary e>0. Since for a^O and x^x° 

11^ 1 


inf 


ye{|^-j/i<6}ntl^°-y|>6> \x— j/|“ 6“ »e{|x-»i>6)n{|*o-j,|<6) | x — yj 

and mes ((|ac — z/|<8) f| (|^° — y\ >6)} = mes{( \x — i/|>6)f) 
n([x° — yjc 6)}, it follows that 




sup 


dy 


</ 


dy 


Hence 


|x0-yf<6 


x—y\ 


|*o-y|<6 


r°— i 


L(i^F + ^r) i!< 2 j. 


dy 


I X° — y I 


const 6" 


f *0-y|<6 1 1,1 \x0-u\<b 1 

Accordingly, we can find (and fix) a 6 > 0 so that the first term on 
the right-hand side of (17) is less than e/2. 

1 1 


The function F (x, y) = 


x—y I 


is continuous on 


the closed set Q=||x — ar°j^-^-, ;/€<?(! (|i/ — a:°|^8)| and 

F (x, y)\x= x o—0. Therefore an rj, 0 <C rj <7 6/2, can be found such 
that P y) w * lenever \ x ~ £°|<T| for all y£Q[) 

n(|y-x°|>6). Accordingly, if | x — x° | < tj, the second term 
in (17) also does not exceed e/2. Then, for | x — a;°|<t], 
j u(x°) — u(a:)|<e, that is, u(x) is continuous. 
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Now assume n — a > 1. We shall demonstrate that in this case 
u (x) is continuously differentiable in R n and that 

“«- | 0 <»> -£7 (-^=7p) it = « J p W <*»• 

Since - <—— 1 , i = 1, •••,«, arguing in the same 

|x — I |x — 2 /| a+1 

way as above for u(x), we conclude that the functions 
u t (x) = a f p(y) yf ~a +2 i = l. 


are continuous in i? n . Further, by Fubini’s theorem, for any i, 
i = 1, . . ., n. 



— U (x) U (Xj, - • * , 2-f—ii X, » 2Q-H, • • • i *^7i) 


Therefore 

ut (x) = u*.(x), i = l, ...,n, 
establishing the assertion. 

In exactly the same way, it can be shown that if ra — a > s, s is 
an integer, then u (x) has continuous derivatives up to order s, 
and that 

D a u, (x) = \ p (y) D% dp 

^ i x ~y i 

for all a — (a,, . . ., a n ), | a | ^ s. 

We remark that the function 

“i (*) = j P (y) In | x — y I dy , 

Q 

called logarithmic potential , is (rc — 1) times continuously differen¬ 
tiable in R n and for all a, | a | ^ n — 1, 

D a u i (x) = j p (y)D* In J x — y\ dy. 

Q 
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13. Lebesgue Integral of Complex-Valued Functions. Suppose that 
the function / ( x) defined in the region Q is complex-valued: 

f (z) = Re f (x) + i Im / ( x ). 

The function / (a:) is called measurable in Q if so are the functions 
Re / and Im / , while / ( x ) is integrable in Q if both Re / and 
Im / are integrable in Q. In this case the integral of / ( 2 ) is defined 
by the relation 

J fdx=[ R efdx + i ^ Imfdx. 

Q Q Q 

Since y (| Re / | + | Im/ |) ^ | / | ^ | Re / | + | Im / |, in order 

that the measurable function f (x) be integrable it is necessary and 
sufficient that the function | / (x) | be integrable. 

14. Lebesgue Integral on an (n — 1)-Dimensional Surface. Let 
S be an (n — l)-dimensional surface (of class C 1 ), and let S m , m = 

N 

= 1, 2, . . ., N, be a cover of S by simple pieces, S — \j S m 

m —1 

(see Chap. I, Introduction). Every simple piece S m is described by 
the equation 

•^p = *Pm (^li Ip-li X p + 1> 

{Xi, . . ., X p — 1, Xp+i, . . ., X n ) £ D m , <p m £ C 1 ( D m ) (18) 

(D m , the projection of S m onto the coordinate plane x p — 0, 1 ^ 
^ p = p ( m ) ^ n, is an (n — l)-dimensional region having boun¬ 
dary of class C 1 ). 

Formula (18) provides a one-to-one correspondence between 
the points fa, . . ., a: p _ lt x p+1 , . . ., 2 n )_of the set D m and the 
points fa, . . ., x p x p , . . ., x n ) of S m : with every point 

(Xj, . . ., X p Cp TO (x±, . . ., Xp _j, Xp+i, • • ., X n ), Xp+i, . . ., x n )^ £ 

€ is associated a point (® l5 x 2 , . . ., x p ^, x p+1 , . . ., x n ) £ D m 
(its projection onto the plane x p = 0). 

Suppose that the set E is contained in S m for some m, m — 1, . . . 
. . ., N. Let % denote its original in D m under the above mapping. 
We shall say that £ is a set of surface measure zero if % is a set of 
(n — l)-dimensional measure zero. 

A set E belonging to S' is called a set of surfaces of measure zero 
if each of the sets E f) S m , m — 1, . . ., A, is a set of surface mea¬ 
sure zero. 

It can be easily shown that the property of the set E cz S being 
a set of surface measure zero is independent of the choice of the 
cover . . ., S N of the surface S. 
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The notion of a set of measure zero permits us to introduce, in 
complete analogy with the case of n-dimensional region (see Sub¬ 
secs. 1-4), the concept of a.e. convergence on S and the related con¬ 
cepts of measurable and Lebesgue-integrable functions on S. 

A function defined on S is called measurable (on S) if it is the 
limit of a sequence of functions in C ( S ) that converges a.e. on S. 

The nonnegative function / (x) defined on S is said to be (Le- 
besgue) integrable on S if it is the limit of a monotone nondecreasing 
sequence, converging a.e. on S, of functions f k ( x ), k = 1,2,..., 
continuous on S for which the sequence of surface (Riemann) inte¬ 
grals is bounded above: j f h (x) dS ^ C, k = 1, 2, .... The (Le- 

s 

besgue) surface integral of / {x) is defined by 

/ dS — sup f f h (x) dS — lim f f h ( x ) dS. 

ft J ft-*oo J " ' 


i 


A real-valued function f (x) defined on S is said to be Lebesgue- 
integrable over S if the nonnegative functions f + (x) = max (/ (x), 0) 
and f~ (x) = max (—/ (z), 0) are Lebesgue-integrable; in this case 


5 fds = 
s 



Let the function / be defined on a surface S, and let S x , . . ., S v 
be a cover of S by simple pieces. Suppose that f m (x x , . . x pim) _ lr 
Xp/m)+ 1 , • • m ^n) defined on D m denotes the function / (x x , . . . 

• ■ -i *£p<m)-u Tm (-^li • • •> XpurD+li • • -i ^n)i •^pcm)+ 1 » • • • 

. . ^n)* 

We shall show that the function f is measurable if and only if all 
the functions f m , m = 1, . . ., N, are measurable; f is integrable over S 
if and only if each of the functions f m is integrable over D m , m — 
= 1, . . ., N; furthermore 

N 

\ fdS= 2 \ / m Vi + I V<f m I 2 dx t .. . dx p(m) .idx p(m)+ idx n , (19) 

S m =1 D ' 

1J m 

m- 1 _ 

where D\ = D U and D' m , m> 1, is the projection of S m \ (J S t 

2=1 

onto the plane x p(m) = 0. 

If / is measurable (integrable), then, clearly, so is each of the 
functions / m , m = 1, . . N. 

Let us show that if all the functions f m , m — 1, . . ., A, are 
integrable, then so is / (assertion regarding measurability is estab¬ 
lished similarly); this we shall do assuming (this is no loss of 
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generality) that /, and hence, all f m , m — 1, . . N, are nonneg¬ 
ative a.e. (on S and correspondingly on D m ). 

For each m, m — 1, . . N, take a monotone nondecreasing 
sequence /“, k = 1, 2, . . of nonnegative functions in C ( D m ) 
converging a.e. (in D m ) to the function f.We examine the sequence 
n h , k — 1,2,..., of decompositions of an (n — l)-dimensional 
cube K containing D m : Ilj is decomposition of K into 2" _1 equal sub¬ 
cubes with sides equal to half that of K, the decomposition Il 2 is 
obtained by taking finer divisions of in which every cell (cube) 
of decomposition IIj is divided into 2 n_1 equal subcubes, and so on. 
For all m — 1, . . ., N, k — 1, 2, . . ., we denote by Dm, k a closed 
set composed of (a finite number of) closures of all the cells of decom¬ 
position n fe contained in Dm, and by f™ a function continuous in D m 
which vanishes in D m \D' m , h and in D' m , h equals the function 
fk ■ l (k-r mi h ), where £ ( t ) = 0 for 0 < t < 1/2, £ ( t) = 2t —1 
for 1/2 C t igC 1, t, (t) = 1 for / > 1, and h is the distance between 
the point (aq, . . ., Xp^^, x p(m)+1 , . . ., x n ) 6 D„, h and the boun¬ 
dary of Dm, h- Clearly, for all m, m = 1, . . ., iV, the sequence 
fh,k = 1, 2, . . ., is monotone nondecreasing a.e. in D' m and con¬ 
verges to / m . 

We define a function /™, m = 1, k — l, 2, ..., con¬ 

tinuous on S as follows: 

for x ^ S m f k / k (^ii • • •, Xp(mt— i, Xp( m )+i, ..., a: n ), 

for x£S\S m J™ = 0; 

N _ 

and put f h = ^ /™, k= 1, 2, ... . Clearly, each of the functions 

m~ 1 

/ ft , k= 1, 2, ..., is continuous on S and 
N N 

j f h ds= 2 2 J 

S m=1 S m= 1 S m 

N 

= 2 J / ft “t - | | 2 dXf . . . dXp( m )^ dXp( m y (.j . . . dx n 

m=1 D m 
N 

= 2 ( 7hVl + I Vcp m p dxi . .. dxpw-i dx p(m) +i . . . dx n . (20) 

m=1 Dm 

Furthermore, as A—>~oo, f h \f a.e. on S. Since the function 
f m ]^1 + j V<p m j 2 , m = 1, is integrable on Dm, (20) implies 

that the sequence j f h dS, k — 1, 2, ..., is bounded. Consequently, 

s 
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/ is integrable over S. Passing to the limit, as k-*- oo, in (20), 
we obtain (19). 

From what has been just proved/it readily follows that all the 
properties that were established earlier for an n-dimensional region 
also hold for functions measurable and continuous over S. 


§ 2. NORMED LINEAR SPACES. HILBERT SPACE 

1. Linear Spaces. A set p is called a linear space if on its ele¬ 
ments the operations of addition and multiplication by real (complex) 
numbers are defined and the resulting elements also belong to p and 
have the following properties: 

( a ) fi + h = h + /i> 

(b) (fi + h) + /, = u (U + / 3 ), 

(c) there is an element o in p such that 0-/ = o for any / £ p, 

(d) + c 2 ) / = cj -I- cj, 

(e) c (/i + f 2 ) = cf l + c/ 2 , 

(f) ( Cl c 2 ) f = c x (c/), 

(g) !•/ = / 

for any/, f u . . . £ <F and any real (complex) numbers c, c x , . . .. 

Depending on whether the numbers by which the elements of P 
are multiplied are real or complex, the space p is designated as 
a real or a complex linear space. For definiteness, in this chapter we 
shall consider only complex linear spaces. All the definitions and 
results are easily carried over to the case of a real linear space. 

A subset of the linear space P which itself constitutes a linear 
space is called a linear manifold in 

Let / m , m = 1, 2, . . ., be a countable (or finite) system of ele¬ 
ments of the linear space <fp. A set composed of elements of the form 
c ifi + • • • + Chfu f<> r possible k and arbitrary complex c x , ... 
. . ., c h is a linear manifold in JF and is called linear manifold 
spanned by the elements f h , k = 1, 2, .... The elements / lt . . ., f m 
of ,jF are linearly independent if c 1 f 1 + . . . + c m f m = o holds only 
for c x = . . . = c m = 0; otherwise f l , . . ., f m are linearly depen¬ 
dent. When the set of elements of <F is infinite, it is linearly inde¬ 
pendent if every finite subset of it is linearly independent. 

A linear manifold is finite-dimensional ( n-dimensional) if it has n 
linearly independent elements and the aggregate of any of its (n + 1) 
elements is linearly dependent. 

The linear manifold spanned by linearly independent elements 
f h , k = 1, . . ., re, of F is n-dimensional. 

A linear manifold is called infinite-dimensional if one can find in 
it a linearly independent subset composed of infinite number of 
elements. 
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2. Normed Linear Spaces. The space is a normed linear space 
if to each element / of this space we can assign the quantity || / || = 
= || f \\gp (norm of /) having the following properties: 

(a) || cf || = | c | I] / || for any complex c and any / £ JF, 

(b) || h + U II < II h II + II ft II for any /, € F, i = 1, 2 (the 
triangle inequality), 

( c ) II / II ^ 0, where || / || = 0 if and only if / = o. 

In a normed linear space one can introduce the notion of distance 
II /i — /a II between two elements / x and / 2 as well as that of con¬ 
vergence. 

The sequence f m , m = 1, 2, . . of elements of is called 
fundamental if || / ft — f m || —>- 0 as /c, m^- oo. 

The sequence f m , m — 1, 2, . . of elements of ^ is said to 
converge to f £ F (/ m / as to -> oo, or lim f m = f) if || f m — / ||->- 

m-yoo 

—>■ 0 as m —*■ oo. 

A sequence cannot converge to two different elements, for if 
II fm — / II 0 and || f m — g II 0 as m oo, then || f — g || = 

= 11/ — fm + fm — g II < ll/m—/ II + II fm “ g II 0 »S mOO, 

that is, || / — g || = 0, implying / = g. 

If fm fi then || f m || -> || / || (continuity of the norm). Indeed, by 
the triangle inequality, || f m || < || / m — / || + || / II and || / || < 

< II fm — / II + II fm II- Consequently, I II f m II — II / II I < 

< Wfm — / II->-0 as m-»- oo. 

If the sequence converges (/ m ^-/), then it is fundamental, since 

II fk ~ fm II = II h — / + / ~ fm II < II h — / II + 

+ II / — fm II o as k, m-^ co. 

The converse, generally speaking, does not hold. 

A normed linear space is called complete if corresponding to every 
fundamental sequence of its elements there is an element of this 
space to which this sequence converges. 

A complete normed linear space B is known as Banach space. 

A linear manifold in a Banach space B that is complete in the 
norm of B (and hence is itself a Banach space with the same norm) 
is called a subspace of B. The linear manifold spanned by a finite 
number of elements of B is a subspace of B. 

If a# is a linear manifold in B , then the set dH, obtained by adding 
to ail all those elements which are limits of all the fundamental 
sequences of elements of ail (in B every fundamental sequence has 
a limit) is known as the closure (in B) of manifold Jl. 

The closure <M of a linear manifold <M is clearly a linear mani¬ 
fold. Let us show that it is closed. To this end, let f k , k = 1,2, . . ., 
be a fundamental sequence of elements of ail , and put / = lim f h . 

h-yoo 

5-0594 
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We show that / 6 oM. By the definition of Jt, for any k = 1, 2, . . 
there is an element such that || fh — f h || <C 1/A:, therefore 

II / — /ft II = II / — A + A — /ft II < II / — /ft II + 1 /* + 0 


as A: oo, that is / = lim f' h , implying / £ oM. 

h->oo 

Thus the closure of a linear manifold in B is a subspace. 

The closure of a linear manifold spanned by the elements f ht 
k — 1 , 2, . . is called a subspace spanned by these elements. 

A set ®T cr Z? is bounded if there is a constant C such that ||/ || ^ C 
for all / g e/ft'. 

The set oM' a B is said to be everywhere dense in B if for any / £ B 
there is a sequence fh, k = 1 , 2, . . of elements of oJK' that con¬ 
verges to /. 

A Banach space B is separable if it contains an everywhere 
dense countable set. 

3. The Scalar Product. Hilbert Space. We say that a scalar product 
is introduced in a linear space H if with every pair of elements h lt 
h 2 £ E there is associated a complex quantity (h x , h 2 ) (the scalar 
product of these elements) with the following properties: 

(a) (h x , h 2 ) — (h 2 , hj) (in particular, (h, h) is a real number), 

(b) ( h ! + h 2 , h) = (h x , h) + (h 2 , h), 

(c) for any complex c ( ch l5 h 2 ) — c (h x , h 2 ), 

(d) (h, h) ^ 0, where (h, h) = 0 if and only if h — o. 

Let us establish the important inequality, known as Bunyakov- 
skii's inequality, 

I (h x , h 2 ) | 2 ssC (h x , h 1 )-(h 2 , h 2 ), (1) 


which holds for arbitrary h x , h 2 in H. When h 2 — o, the inequali¬ 
ty (1) is obvious, so let h 2 =£ o. For any complex t 0 ^ (h x + th 2 , 
h x + th 2 ) = (h x , h x ) + t (h x , h 2 ) + t (h u h 2 ) + | t | 2 (h 2 , h 2 ). If we 


put t — — 


(hi, h 2 ) 


this inequality becomes (h x , hf) — 

(n 2l n 2 ) 


> 


(h 2 , h 2 ) 

^ 0, equivalent to (1). 

The scalar product generates a norm || h || = y"(A, h) in H. 

Properties (a) and (c) of a norm are apparently satisfied. To show that 
(b) (the triangle inequality) is also satisfied, we make use of the 
Bunyakovskii’s inequality 


II K + h 2 1| 2 = || h x || 2 + (h u h t ) + (h 2 , h x ) + || h 2 |j 2 

< H K || 2 + 2 || h x || || h 2 1| + || h 2 1| 2 = (|| h x || + || h 2 1|) 2 . 


A linear space with a scalar product that is complete in the norm 
generated by this scalar product (that is, is a Banach space in this 
norm) is called a Hilbert space. 

Apart from the convergence (in norm), it proves convenient to 
introduce one more type of convergence in a Hilbert space. A se- 
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quence h m , m — 1,2,..., in H is said to converge weakly to an ele¬ 
ment h £ H if lim ( h m , /) = (fe, /) for any f d H. 

m->oo 

Let us show that a sequence cannot converge weakly to different 
elements of H. Assume that there are two elements h, h' £ H such 
that lim ( h m , f) — ( h , /) and lim (h m , f) = (ft', f) for any 

771—yOO m-yOO 

f £ H. Then for all f &H (h — h', f) = 0 and, in particular, with 
/ = h — h' we have {h — h', h — h') = 0, implying h = h’. 

If a sequence h m £ H, m — 1, 2, . . converges to h £ H, then 
it converges to it weakly as well. Indeed, 

| (h m , f)\ = \ (h m -h, f)\ 

< II h m — h || || / || -a- 0 as m -»• oo. 

4. Hermitian Bilinear Forms and Equivalent Scalar Products. 

A Hermitian bilinear form W is said to be defined on a Hilbert space H 
if with every pair of elements h x , h 2 £ H there is associated a complex 
number W (h 1 , h 2 ) with the following properties: 

(a) W (h x + h„ h) = W (h x , h) + W (h 2 , h), 

(b) W (c/ij, hj = cW (h lt fe 2 ), 

(c) W {h x , h z ) = W (h t , h x ) 

for arbitrary h , h x , h 2 6 H and arbitrary complex c. 

The function W (h, h) defined on H is called quadratic form cor¬ 
responding to the Hermitian bilinear form W ( h x , hf). By Property 
(c), the quadratic form corresponding to a Hermitian bilinear form 
is real-valued. 

An example of Hermitian bilinear form defined on H is the scalar 
product and the corresponding|quadratic form is the square of the 
norm generated by the scalar product. 

If/a quadratic form corresponding to a Hermitian bilinear form 
has the property that W ( h, h) 0 for all h £ II and W (h, h) — 0 
for h — o only, then the bilinear form W (h x , h 2 ) can be taken as 
the (new) scalar product in H: W {h x , h 2 ) = (h x , h 2 )', and the result¬ 
ing (new) norm is defined by || h' || = YW ( h , h). 

The norm ]| ||' is said to be equivalent to the norm || || if there 

exist constants C x > 0, C 2 > 0 such that || h ||' ^ C x || h ||, || h || 

^ C 2 || h ||' for any element h £ H. Two scalar products (, ) and (, )' 
are said to be equivalent if so are the norms generated by them. 

If the norm || ||' is equivalent to the norm || ||, then the set H 

is a Hilbert (that is, a complete) space also with respect to the; 
scalar product ( , )'. 

In fact, let the sequence h h , k — 1, 2, ..., of elements of H he 
fundamental in the norm || ||': \\h h — ||' -*• 0 as k, s-+o o; 

this sequence is also fundamental in the norm || ||, since || h h — h s \\^ 
^ C 2 || h h — h s ||'. Because H is complete in the norm || ||, there 

exists an element h £ H to which the sequence in question con- 

5* 
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verges: || h k —h || -*• 0 as k oo. But the sequence converges to h 
in the norm || ||' also, since \\h k — h ||' ^ C x || h k — h ||, and the 

conclusion follows. 

5. Orthogonality. Orthonormal Systems. Two elements h u h 2 £ H 
are orthogonal (h 1 _|_ h 2 ) if (h x , h 2 ) = 0. An element h is said to be 
orthogonal to a set H' cz H if (h, h') = 0 for all h' £ H'. Two sets H’ 
and H" in H are orthogonal (H' ± H") if (h\ h") = 0 for all h' £ H\ 
h" 6 H". 

If h £ II is orthogonal to a set //' that is everywhere dense in H, 
then h = o. Indeed, let h’ h , k — 1, 2, . . ., be a sequence of ele¬ 
ments of H' and h' h -^h as k oo. Since ( h' h , h) — 0 for all k 1 
and by weak convergence (h' h , h) || h || 2 , it follows that || h || == 0, 
implying h = o. 

An element h £ H is normalized if || h || = 1, and a set H' cz H 
is called orthonormal (orthonormal system ) if its elements are norma¬ 
lized and are mutually orthogonal. An orthonormal set is, obvious¬ 
ly, linearly independent. 

A countably infinite (or finite) linearly independent set of ele¬ 
ments h k , k = 1, 2, . . ,, can be transformed into a countably 
infinite (or finite) orthonormal set in the following manner (Gramm- 
Schmidt’s method): 

hi hn — (An, e 7 ) e, 

ei “Ph¥’ ^ 11*2-02. 

p h n (A n , g 7 ) ... (h n , i) e n ~i 

n II h n — (h n , e t ) e x ... (A n , fin-i) e n-i II 

(according to the supposition that the set h h , k = 1, 2, . . ., is 
linearly independent, h n — ( h n , e x ) e t —. . . — (h n , e n _ x ) e n ^ o 
for any n ^ 2). 

6. Fourier Series with Respect to an Arbitrary Orthonormal 
System. Suppose that / is an arbitrary element of H and e t , . . ., 
e n , ... a countable orthonormal system in H (it H is finite-dimension¬ 
al, one must take an orthonormal system consisting of a finite 
number of elements). Denoting by H p , for some p >- 1, the subspace 
spanned by the elements e x , . . ., e p , we try to find in H p an ele¬ 
ment which is closest (in the norm of H) to the element /. Since any 

v 

element of H p is of the form 2 °r e r with certain constants c x , . . ., c p , 

r=l 

the problem reduces to determining constants c lt . . ., c p such 

v 

that the quantity 6|r (/; c x , . . ., c v ) = || / — 2 c r e r !l 2 attains 

^ r—i 


its minimum. 
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The quantities / fe = (/, e k ), k — 1, 2, . . are called Fourier 
coefficients of / with respect to the system e 1 , e 2 , .... Since 

p p 

5h P (/: c li 2 c T e Ti f 2 c r e r) 

t =1 r=i 

= |l/|| 2 -Iic r / r -ic-/ r +S !<r| 2 
r—1 r-—1 r=l 

= t\Cr-fr\*-l i \fr\> + \Vll\ 
r= 1 r=l 

the quantity 6ff p (/; c lt ...,c p ) attains its minimum only when 
c r = / r , r = 1, ...,p, and this minimum, denoted by 

equal to ||/|| 2 — 2 i fr | 2 -' 

r=l 

6hp(/) = II/|| 2 -S IM 2 - (2) 

r= 1 

Thus, for a given /, we have the inequality 

II/— 2 C r g r || > II/— 2 /r«r || 
r= 1 t— 1 

for all c l5 . . ., c p , describing the minimal property of Fourier coef¬ 
ficients; the equality is attained only for c T = f r , r — 1, . . ., p. 
Denoting by f p the unique element closest to / in the subspace H p : 

/ p = ;2 fre r , 
r~ 1 

we have 

||/— f p \\ z — ^H P (/)• ( 3 ) 

The element f p is called the projection of / onto the subspace H p . 
Equality (2) implies that for any f^H and any p^l, 

p oo 

S \fr | 2 ^||/|j 2 . Accordingly, the number sequence 2 |/r | 2 con- 

T= 1 T—l 

verges and Bessel's inequality 

2 |/r| 2 ^||/|| 2 

r=l 

holds. 

Lemma 1. Let f h , k— 1, 2, ..., be a sequence of complex num¬ 
bers and e h , k = 1, 2, ..., an orthonormal system in H. In order 

oo 

that the series 2 fk e h ma V converge in the norm of H it is neces- 

h=l 

OO 

sary and sufficient that the number series 2 | fr \ 2 converge. 
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P oo 

Proof. Let S p = 2 / r e r be the partial sum of the series 2 fr^r- 

r=i r= 1 

For p>q we have the equality || S p — S q || 2 = || 2 /re r || 2 = 2j/r| 2 

9+1 9+1 

which implies that convergence of 2 I fr \ 2 is necessary as well 
as sufficient for the sequence of its partial sums to be fundamen¬ 
tal, and hence for convergence of series in question, since H 
is complete. | 

Let / be any element of H and f h , k = i, 2, . . ., its Fourier coef¬ 
ficients with respect to the orthonormal system e h , k — 1, 2 , . . .. 
The series 


2 fh e h 

is called Fourier series of / with respect to the system e h , k = 

= 1 , 2 , . . .. 

Lemma 1 and Bessel’s inequality yield the following result. 
Lemma 2. The Fourier series of any element f £ H with respect to 
an arbitrary orthonormal system converges in the norm of II. 

Lemma 2 establishes the existence of an element / £ H to which 
the Fourier series of / converges. A natural question can be asked: 
Is / = / for all f e HI 

In the general case, unless additional conditions are imposed on the 
system e x , e 2 , ... besides its orthonormality, the answer to above 
question is in negative. 

7. Orthonormal Basis. It follows from (2) that for any / 6 H the 
quantity 6fj (/) decreases when p increases. Therefore a priori there 
are two cases to be examined: 

(a) for all / 6 H 8£j (/) -*■ 0 as p -> oo, 

(b) there is an element / £ H for which as p oo. 

When (a) holds, for any f £ H we have, liy (3), 

v 

f— lim 2 /fees 

p-*oo h= i 

or, which is the same 

/= S he h , (4) 

fe=l 

that is, in case (a) the Fourier series of an element / converges (in 
the metric of H) to /. Furthermore, for any f £ H we have 

ll/ll 2 = 2 I/ft! 2 , (5) 

h= 1 
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known as the Parseval-Steklov equality, and its generalization 

(/.*)= li/kffk. (5') 

h=l 

true for all /, g £ H. 

Equality (5) is a consequence of (2). To establish (5') we first 
note that the series on the right side converges absolutely, because 
its general term has a majorant which is the general term of a con¬ 
vergent series: | f h ~g h |<|-(|/ ft p + | g h | 2 ). Further, by (4) 

(/, g) = lim <J P , g) = lim ( 2 /»«*. g) 

p-> oo p-*-oO h= 1 

V p _ 00 _ 

= lim 2 /ft («». y) = lim 2 fhgh = 2 /*£/>. 

p-.tx> ft=l p-*-oo ft=i h=l 

as desired. 

In case (b), there is an element f £ H whose Fourier series con¬ 
verges (by Lemma 2 of the preceding Subsection) to f =£ f, that is, the 
element h = / — f o. Hence 

oo 

/— h+ 2 fh e ht 

h=l 

where h =/= o and h is orthogonal to the subspace spanned by the 
system e lt e 2 , . . .. 

We again return to case (a) in which we are basically interested. 
A countable orthonormal system e lt e 2 , . . . is called complete 
or an orthonormal basis for the space H if any element / £ H can be 
expanded in a Fourier series (4) with respect to this system. 

The aforementioned discussion leads to the following assertion. 
Lemma 3. For an orthonormal system e x , e 2 , . . . to be an orthonor¬ 
mal basis for H it is necessary and sufficient that the Parseval-Steklov 
equality (5) hold for any element f £ H or (5') hold for any two elements 
f and g of H. 

Lemma 4. For an orthonormal system e lt e 2 , ... to be an orthonor¬ 
mal basis for H it is necessary and sufficient that the linear manifold 
spanned by this system constitute an everywhere dense set in H. 

If the system e lt e 2 , . . . is an orthonormal basis for If, then every 
element / £ H is approximated in the norm of H as closely as one 
pleases by the partial sums of its Fourier series which are linear 
combinations of this system. This shows that the condition is neces¬ 
sary. 

To show that the condition is sufficient, take an arbitrary element 
f (z H. For an s > 0 we can find a number p = p(e) and numbers 

p 

c^e), . . ., c p ( s) such that || / — ^ c h (e) e h || < e. Since the 

h=l 


c.<x/ 
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Fourier coefficients have the property of being minimal, it follows 
that 


h=l h=l 

which shows that / has a Fourier expansion (4). | 

Theorem 1 . In a separable Hilbert space there is an orthonormal 
basis. 

Proof. Let h\, h' 2 , ... be a set everywhere dense in H. By h t denote 
the first nonvanishing element h' hl {h[ = ... = h‘ hl _ x = o), by h 2 
the first nonvanishing element of the set h' ht+1 , h' hl+2 , . . . that 
forms with h x a pair of linearly independent elements, and so on. 
The countable (or finite) system h u h 2 , ... is linearly independent 
and the linear combinations of the elements of this system are every¬ 
where dense in H. We can transform the system h u h 2 , ... (Sub- 
s ec. 5) into a countable orthonormal system of elements e lt e 2 , . . . 
whose linear combinations are also dense in H. By Lemma 4, this 
gystem is an orthonormal basis for H. | 


§ 3. LINEAR OPERATORS. COMPACT SETS. 
COMPLETELY CONTINUOUS OPERATORS 

1. Operators and Functionals. Let B 1 and B 2 be Banach spaces and 
a set lying in B x . An operator A ( operator A from B x into B 2 ) is 
said to be defined on B\ if to every element / £ B\ there corresponds 
an element g (z B 2 : g = Af. The set B\ is called the domain of defini¬ 
tion of A and is denoted by D A , D A — B[, while the set of elements 
of the form Af, f £ D A , is known as its range B A a B 2 . 

The operator A is a functional if the space B 2 is a set of complex 
numbers (the modulus of a complex number is taken as a norm of this 
set). The functionals will commonly be denoted by l. 

Simplest examples of operators are the operator 0, the null ope¬ 
rator, and (for B x = B 2 ) the identity operator / defined as follows: 
Of = o for all / 6 D 0 , If — f for all / 6 Z)j. 

An operator A is said to be continuous on an element f £ D A if it 
maps a sequence f h , k = 1 , 2 , . . ., of elements of D A converging 
to / in the norm/?! into a sequence Af h , k — 1,2,. . ., that converges 
to Af in the norm B 2 . Operator A is continuous on the set E a D A 
(in particular, on D A ) if it is continuous on every element / £ E. An 
operator A that is continuous on D A will be referred to as continuous. 

The operator A is linear if D A is a linear manifold and 
A{cifi + £ 2 / 2 ) = c i^/i + c i A fi for an Y elements /* 6 Z? A and 
numbers c t , i = 1, 2. 
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The null element of B x is mapped by the linear operator A into 
the null element of B 2 , because 

Ao = A(0-f) = 0 -Af = o 


(/ is any element of D A ). 

For a linear operator A to be continuous it is necessary and sufficient 
that it be continuous on the null element (or, generally, on some element 
of D a ). 

The necessity of this condition is apparent. To show that it is 
sufficient as well, let / ft , k = 1, 2, . . be a sequence of elements 
of D A that converges to f £ D A . Since g h = f h — f, k = 1, 2, . . 
is a sequence of elements of D A converging to zero, it follows that 
Ag h o as k —► oo, thereby implying Af h Af as k -*■ oo. | 

LetA ; , i — 1, 2, be linear operators from B x into B 2 , D Ai = D A2 , 
and let c h i = 1, 2, be certain numbers. We define a new operator 
A = c X A X + c 2 A 2 as follows: for any / £ D A = D Al = D A2 , Af = 
= c x AJ + c 2 A 2 f. Operator A is also linear. 

Thus the operations of addition and multiplication by complex 
numbers are defined on the set of linear operators with common do¬ 
mains of definition. It is easily seen that this set is a linear space. 

A linear operator A is said to be bounded if there is a constant 
C > 0 such that || Af ||b 2 ^ C || / ||b, for all / 6 D A or, what is 
the same, || Af ||b 2 ^ C for all f 6 D A satisfying || / || Bl = 1. 

The exact upper bound of the values of C is known as the norm of A 
and is denoted by || A ||. 

We can show that 

II-411= sup sup ha/Hb 2 . (i) 

ttD. II J lljsi /en, 

11/llB.il 


Put a = sup II Af ||b 2 /|| / ||b.- For all / 6 D A , || Af ||b 2 /|I/IIbi< 

^ a, therefore || A || ^ a. To establish the reverse inequality, we 
note that, by the definition of exact upper bound, for every e > 0 
there is an element / E £ D A such that || Af E ||b 2 /|| /« ||b. ^ a — e. 
This implies that || A || >- a — e for any e > 0, that is, || A || |> a. 
Hence || A || = a. 

In particular, when A is a bounded linear functional, A — l, 
its norm is given by 


|| /1| = sup 
f£D l 


\U\ 

II f\\ Bl 


sup 


/|lBi=l 


M/I- 


Note that the set of bounded linear operators with common domains 
of definition is a linear manifold in the space of all the linear opera¬ 
tors with the same domains of definition. The norm defined above 
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for a bounded linear operator satisfies all the axioms of being a 
norm. It can be easily shown that this normed space is complete 
{that is, it is a Banach space). 

The following proposition establishes a connection between the 
notions of boundedness and continuity for linear operators. 

For a linear operator A to be continuous it is necessary and sufficient 
that it be bounded. 

Sufficiency. Let the sequence f h , k = 1,2, ...,in D A converge 
{in Bf) to f£D A . Since \\Af h -Af || B2 = \\A (/*-/) || Bl <||A || x 
X || /ft — / ||jBi —>- 0 as k-A-oo, it follows that Af h ->-Af, as k-+- oo, 
in Bi- 

Necessity. Assume the contrary, that is, A is unbounded. Then 
there is a sequence f' h , k — 1, 2, . . ., of elements of D A such that 
|| A/i 11^2 > k ||/* || Bl , but this contradicts the continuity of A, 
because the sequence f k = f'J{k || f' h || Bl ), k — 1, 2, . . ., belonging 
to D A converges in B 2 to zero, while the sequence Af h , k = 1,2,..., 
•cannot converge to Ao — o since || Af h || Bi l.| 

A bounded linear operator A whose domain of definition D A is 
•everywhere dense in B x can always be assumed to be defined on the 
whole of B x , by redefining it on B{\D A as follows. Let / be an ele¬ 
ment of Bf\D A and / ft , k — 1, 2, . . ., a sequence of elements of 
D A that converges to / in the norm of B 1 (D A is everywhere dense 
in B j). Since A is bounded, the sequence Af h , k = 1, 2, . . ., of 
elements of B 2 is fundamental in Z? 2 , and because B 2 is complete, 
the sequence Af h , /c = 1, 2, . . ., has a limit in B 2 . We show that 
this limit is independent of the choice of the sequence f h , k = 
= 1, 2, . . .. In fact, let /£, k — 1, 2, . . ., be another sequence 
-of D A converging to /. Then || Af’ h — Af h || B2 — \\ A (f' h — f h ) || B2 = 
= || A || || — /ft || Bl ->-0 asfc-> oo; accordingly, the limit depends 

only on the element /. We take this as the value Af of A on /. The 
extension of A obtained in this manner, and referred to as the exten¬ 
sion with respect to continuity, is a bounded linear operator defined 
on the whole of B x . 

If A t , A 2 are linear operators for which Ra 2 cz D Ai , then the 
linear operator A X A 2 on Da 2 with range in R Ai is defined as follows: 
AiAJ = A t (Aif). If Ax and A 2 are bounded, then so is A X A 2 and 
\\AxA 2 II ^ II Ax || || A. ||. 

Suppose that the equation Af = g has a unique solution / g D A 
for every g £ R A - This means that on R A an operator, denoted by 
A -1 , is defined which with every g £ R A associates the unique / £ D A 
such that Af = g. The operator A -1 is called inverse of A. Clearly, 
D a - i = Ra -i = D A , A -1 A = I, A A -1 = /; and A -1 is linear 
provided so is A. 

2. Riesz’s Theorem. An example of a bounded linear functional 
defined on a Hilbert space H is provided by the scalar product: if we 
fix an arbitrary element h £ H, then (/, h) is (with respect to f) 
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a bounded linear functional (boundedness is a consequence of Bunya- 
kovskii’s inequality). The most striking feature is that any bounded 
linear functional defined on H (or, by the results of Subsec. 1, on 
a set everywhere dense in H) may be expressed as a scalar product 
by a proper choice of A £ H. Namely, the following important asser¬ 
tion holds. 

Theorem 1 (F. Riesz). For every hounded linear functional defined 
on a Hilbert space H there is a unique element h £ H such that for 
all f^H 

1(f) = (/, h). (2) 

We shall prove this theorem only for a separable Hilbert space H 
(only for such, spaces will this theorem be used in this book). 

Proof. Let e%, e 2 , .. ., e n , ... be an orthonormal basis lor H (such 

oo 

a basis exists, by Theorem 1, Sec. 2), and let 2 fk e h be the 

h=l 

p 

Fourier expansion of some f£H. Since, as p-+- oo, 2/fe e fc -v /» 

*=1 

by the continuity of l 

l (/) = lim l ( 2 fke k ) = lim 2 hi (e ft ) = 2 fkH, (3) 

p-*0O fe=l P-KX 1 h=l h—1 

where h k — l(e h ), k— 1,2, .... 

p 

Consider the element A p = 2 h h e h . Since 1 1 (h v ) |-<P || || h p \\ 

h—l 

P P 

(l is bounded) and l(h p )~ 2 h h l(e k )— 2 I | 2 = II ll 2 > we bave 

h =1 h=l 

p OO 

for all p^ 1 2 I j 2 <;|| /1| 2 , which implies that the series 2 |Aft| 2 

h—i h=l 

OO 

converges and 2 I A* | 2 ^C|| l II 2 . By Lemma 1 (Sec. 2.6), the 

fe=i 

oo 

series 2 hh e k converges in the norm of H to an element A £ H 

ft= l 

(A* are Fourier coefficients of A). 

Substituting f h — (/, e h ) into (3) and again making use of the 

JO oo 

continuity of l, we obtain (2): 1(f) — 2 (/> A h e h ) = (/, 2 A h e k ) — 

h=l ft=l 

= (/, A). 

Apart from representation (2) if there is another representation 
for l: l (f) = (/, A'), then for all f 6 H (/, A — A') = 0, implying 
A = A'. | 
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Let us note that, when proving Theorem 1, we have established 
that || h || ^ || l ||. The reverse inequality || l || ^ || h || follows 
from (2) and the Bunyakovskii’s inequality. Thus || l || = \\h ||. 

3. Adjoint Operator. Suppose that H is a Hilbert space and A 
a linear operator from H into H which is defined on a set D A every¬ 
where dense in H (operator A is, generally speaking, not bounded). 

Let D A * denote a set of elements of H satisfying the following 
condition: for any g £ D A * there is an element h g H such that 
for all / £ D A 

{Af, g) = (/, h). 

The set D A * is nonempty, because the null element of H belongs 
to it: when g — o, h — o. 

We show that to every element g £ D A * there corresponds only one 
h £ H. Assume the contrary, that is, to a g £ D A * let there corres¬ 
pond two elements h, h' of H. Then for all / £ D A ( f, h — h ') == 0, 
implying h = h' (recall that D A is everywhere dense in H). 

Thus an operator, denoted by A*, is defined on D A *: to every ele¬ 
ment g 6 D a * there corresponds a unique element h = A*g 6 H 
such that 

(Af, g) = (/, A*g) (4) 

for any / £ D A . Operator A* is called adjoint of A. Its domain of defi¬ 
nition is the set D A * consisting of those elements of H for which (4) 
holds for all / 6 D A . 

If g x , g 2 are arbitrary elements of D A * and c x , c 2 arbitrary complex 
numbers, then for any / £ D A (4) yields 

(/, c x A*g x + c 2 A*g 2 ) = (/, A*g x ) + c 2 (/, A*g 2 ) 

= ci (Af, g x ) + (Af, g 2 ) = (Af, c x g x + c 2 g 2 ), 

which implies that c x g x + c 2 g 2 £ Z) A * (that is, D A * is a linear mani¬ 
fold) and A* (c^ + c 2 g 2 ) = c x A*g x -j- c 2 A*g 2 . Thus the operator 
A* is linear. 

Now suppose that A is bounded. By Subsec. 1, it can be assumed 
to be defined on all of H. Take an arbitrary element g £ H. The linear 
functional l (/) (Af, g) is bounded, because | l (/) | 11-4/ II x 

X || g II ^ (|| A II II g II) II / ||. By Riesz’s theorem (Subsec. 2), 
there is a (unique) element h 6 H such that l (/) = (Af, g) — (/, h) = 
= (f, A*g). Hence (4) holds for all g £ H, that is, D A * = H. 

Let us show that A* is bounded and that || A* || = || A ||. Set¬ 
ting in (4) / = A*g for any g £ H, we obtain 

|| A*g |p = (AA*g, g)< || A (A*g) || || g || 

<(ll A || II g ||) || A*g ||. 


~PiOuc. Tftdf/ttimftf ea/ 


LEBESGUE INTEGRAL. QUESTIONS OF FUNCTIONAL ANALYSIS 


77 


Therefore || A*g || ^ || A || || g ||, that is, A* is bounded and 
|| A* || ^ || A ||. Setting in (4) g = Af for any f £ H, we similarly 
obtain || A* || > \\A ||. Hence || A* || = || A ||. 

Summarizing, the adjoint operator A* of a bounded linear opera¬ 
tor A is defined on the whole space, is linear, is bounded and its 
norm equals that of A. 

It can be easily shown that (^4*)* = A, ( cA )* = cA* ( c is a com¬ 
plex number), (A + B)* = A* + B*, ( AB )* = B*A*. 

4. Matrix Representation of a Bounded Linear Operator. While 
proving Riesz’s theorem, it was established that a bounded linear 
functional defined on a separable Hilbert space is completely deter¬ 
mined by its values on an orthonormal basis for this space. Same is 
the case with bounded linear operators. 

Let A be a bounded linear operator acting from a separable Hilbert 
space H into H. Let D A — H and e lt . . e n , ... an orthonormal 
basis for If. 

The infinite matrix a i} = (Ae t , ef) = ( e t , A*ef), i 1, j 1 
will be called matrix representation of A in the basis e u . . ., e n , . . .. 
Since (A*ej, e t ) = a ;J , i — 1,2, . . ., are the Fourier coefficients 
of A*ej, by the Parseval-Steklov equality (equality (5), Sec. 2.7) 

oo 

the series 2 \ a u I 2 converges and for all / = 1, 2, ... we have the 

i =1 

inequality 


2 I an I 2 = II A*ej H 2 < II A* || 2 = || A || 2 . (5) 

7=1 


Take an arbitrary element /£ ff, and let /= 2 f h e h be its 


h—i 


Fourier series expansion. Since Af^ff, its Fourier coefficients 


(Af)j = (Af, ef) = {A 2 fie t , e s ) = 2 ft (Ae t , e } ) = 2 f t a ih ( 6 ) 

7=1 7=1 7=1 


7 = 1, 2, .... The series on the right side of (6) converges abso¬ 
lutely, because its general term f^u does not exceed the general term 

j 

2 “ (I fi I 3 + \ a ij\ 2 ) of a convergent series. Substituting the values 


oo 

of the Fourier coefficients in the Fourier series Af = 2 {Af)j e b 

3 = 1 


we obtain 


oo oo 


Af = 2 ( 2 a„f t ) ej. 

j=l 7=1 


(7) 
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Thus, for any / £ H, the element Af £ H can be determined cor¬ 
responding to / by means of only the matrix (a t j). This means that 
the matrix (a t j) completely defines the operator A. 

If ( a t j) is the matrix representation of A in the basis e x , e 2 , . . ., 
and (a*j) is the corresponding representation of the adjoint opera¬ 
tor A*, then 

a*j — (A*ei, ej) — (ei, Aej) = a.ji for all i^l, 7^1. 

Operator A is designated as finite-dimensional (n-dimensional ) 
if it maps a Hilbert space H into an n-dimensional subspace of it. 

Suppose that H n is a subspace of H spanned by the elements e x , ... 
. . e n . For the bounded linear operator A to map H into H n it is 
necessary and sufficient that a i3 — 0 for j > n, i 1. This state¬ 
ment is an immediate consequence of (6) and (7). 

5. Selfadjoint Operators. Operators of Orthogonal Projection. 
A bounded linear operator from a Hilbert space H into H which is 
defined on H is termed selfadjoint if A = A*. 

With a selfadjoint operator A we can associate a Hermitian bili¬ 
near form W (f, g) — (. Af, g) and the corresponding quadratic form 
(Af, f). These forms are called, respectively, bilinear and quadratic 
forms of operator A. The quadratic form of a selfadjoint operator is 
real-valued. A selfadjoint operator A is said to be nonnegative if 
(Af, f)^> 0 for all f £ H. A nonnegative operator A is positive if 
(Af, j) = 0 only for f — o. 

The matrix representation (a i} ) of a selfadjoint operator satisfies 
(when H is separable) the property: a tj = a 7i ,i,/ = 1,2, .... 

Suppose that e x , e 2 , . . . is an orthonormal basis for a separable 
Hilbert space H and e it , is a countable (or finite) sub¬ 

set of it, while e- H , . . ., ej , . . subset of the basis, is complement 
of the chosen subset. Let 91', 91" denote, respectively, the sub¬ 
spaces spanned by the elements e^, k — 1, 2, . . ., and Cj ft , 
k— 1, 2, .... Subspace 91' (91") is the aggregate of elements of H 
that are orthogonal to all the elements , k = 1, 2, ... (e ift , 
k — 1, 2, . . .). Equivalently, the subspace SI' (91") is the set 
of all the elements of H having the property that in their Fourier 
expansions with respect to the basis e h , k = 1, 2, . . ., the Fourier 
coefficients of the elements ej k , k — 1,2,... (e ift , k = 1, 2, . . .) 
vanish (that is, the corresponding terms do not appear in the expan¬ 
sions). The subspaces 91' and 91" are orthogonal, 91'J_91". 

With an arbitrary f £ H, whose Fourier expansion is of the form 
^]/ fe e h , we associate the elements 

oo oo 

f =*7=2 Vv f = P'f = 2 /w (8) 

h=i " R h-l R * 
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Since, by Bessel’s inequality and Lemma 1 (Sec. 2.6), the series in 
(8) converge in the norm of H, they define on H two operators P' 
and P". These are linear with range Rp> — 91 ', Rp- = 91 *. 

Operators P' and P" are known as operators of orthogonal projec¬ 
tion of H onto the subspaces 91 ' and 91 ", respectively (for the sake 
of brevity, these operators will be referred to as projection operators). 
A projection operator is hounded and its norm is unity. In fact, 

since for all f£H || *711* = II /' || 2 = 2 I AJcJj /* | 2 = II /1| 2 , we 

have j| P'||<1. But P'e i, = ei, which implies ||P' j| = 1. 

A projection operator is selfadjoint, because ( P’f , h) = 

“(2 h k e v h ) = 2 fe )= 2 fi k \ = {f, P'h) for any / and 

h=l * * h=l R B ft=l B B 

h£H. 

From equality (8) it follows that for any j £ H 

f = I f = P’f + P"f, I = P’ + P", (9) 


where P'f^W, P*/£91". Furthermore, 

II/II 2 = 11^7+ P"f || 2 HI P'f || 2 +II p "f II 2 + (P'U P"f) 

+ (P"f, P'f) = II P'f II 2 +1) P"f || 2 , (10) 

because 91' JL 91". 

6. Compact Sets. Let H be a Hilbert space. A set &H- cz H is called 
compact in H if any (infinite) sequence of its elements contains 
a subsequence that is fundamental in H. 

Lemma 1. A compact set is hounded. 

Proof. Suppose Jk is unbounded. We claim that it cannot be 
compact. Taking any one of its elements /\ we denote by Sp a ball 
of radius 1 with centre at f 1 , that is, the set of those / 6 H for which 
|| / — /' || < 1. Because aM is unbounded, the set oM x = <M\Sp 
is nonempty. We take any f £ aM x (|| f — f 1 || 1). Since a# 2 = 

= a%{\Sf* is also nonempty, there is an element f g a/ft such that 
||/ 3 — Z 1 || 1, ||/ 3 — f || 1. Continuing in this manner, we 

obtain a sequence f h , fc = 1, 2, . . ., of elements of M satisfying 
the inequality || f — f || > 1 for all i, /, i j. This sequence does 
not contain any fundamental subsequence. Hence a/H cannot be 
compact. | 

Lemma 2. For a set M of a finite-dimensional ( n-dimensional ) 
Hilbert space H to be compact it is necessary and sufficient that it be 
bounded. 

That the condition of boundedness is necessary follows from 
Lemma 1. We shall show that it is sufficient also. 

Since Jt is bounded, ||/||<C for all f£oM. Consequently, the 
Fourier coefficients /; = (/, e t ), i = l, ...,n, in the expansion 
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f = /i^i + • • • + fn e n of an element f£cJt* satisfy the inequalities 
I ft | = | (/, e t ) | <|| / || |j e t || = || /1| < C. Hence for any sequence 

f h , k = 1, 2, of elements of <M the sequence (/*, /*), 

k = 1, 2, .of rc-dimensional vectors, where / \ = (f h , e t ), is bound¬ 
ed. From it, by the Bolzano-Weirstrass theorem, one can choose 

h h 

a fundamental subsequence (/ t s , ..., /„ s ), s=l,2, 

|/? S -/l P | 2 +.-.+|/n S -/n P | 2 ->0 as S , p-KOO. 


h h h 

The corresponding sequence / s = fi s ei + ... + f n s e n , s — 1, 2, 
is fundamental in H, because 


/ 


■A] 


i 2 =i/i s -At- 


...+i/« s -/*t- 


•0 as s, 00 . | 


7. A Theorem on Compactness of Sets in a Separable Hilbert 
Space. Suppose that H is an infinite-dimensional separable Hilbert 
space and e t , . . e n , ... an orthonormal basis for it. 

First of all we note that not every bounded set in H is compact. 
For instance, any bounded set containing the orthonormal basis is 
noncompact because no fundamental subsequence can be selected 
from the sequence e h , k = 1, 2, . . ., since || e t — e,- || = ]^2, 
i f. In particular, the set {|| / || ^ 1} (the closed unit ball) is 
noncompact in the infinite-dimensional space. 

Let P„ denote the projection operator which maps H onto the 
n-dimensional subspace H n spanned by the elements e lt . . ., e n , 
and put P" n — I — P' n . For any / £ H and arbitrary nf^> 1 we have 
(see (9)) 


f = P’nf + P’nf, 


( 11 ) 


n 


00 


where P' n f= 2 /*«*» P’nf = 2 fh^h- Then (11) yields 

h=l h=n +1 


II f\\ 2 = \\Kf II 2 + \\P'nf II 2 - (12) 

where ||jP;/|| 2 = 2 | fh f 2 , ||Pn/|| 2 = 2 I fh I 2 , which implies that 
h= 1 /t=n-f -1 

for any f£H the number sequence ||P^/|| 2 , w = l,2, ..., being 
monotone nonincreasing, tends to zero as n-> 00 . 

Theorem 2. For the set <Jt cz H (H is a separable Hilbert space) to 
be compact it is necessary and sufficient that it be bounded and for any 
e > 0 there be an n — n (e) such that || P'nf || ^ e for all f £ Jl. 

In other words, for the compactness of Jl it is necessary and 
sufficient that it be bounded and “almost finite-dimensional”. 

Sufficiency. Let || / || ^ C for all / £ <M. We consider an arbitrary 
sequence f h , k — 1,2,..., of elements of <M. Setting e = 1, we 


* With respect to some orthonormal basis e lt . . ., e n . 
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have || P'nJ h ||^ 1 for all k, where n t — n (1). Since || P' Ui f h || ^ 
^ II f h II ^ C for all k ( P'n is defined in (11)), the set P' ni f k , k — 
= 1, 2, . . is bounded in the Wj-dimensional space H ni . From 
this space, according to Lemma 2 (Subsec. 6), one can choose a fun¬ 
damental subsequence and from the latter a subsequence P' ni f l ’ a , 
s = 1, 2, . . having the property that || P’„ t /*•« — P' nt /*• p || ^ 1 
for all s and p ^ 1. Then, taking into account (12), for the subse¬ 
quence /‘.i, . . ., Z 1 ’ 8 , ... we have the inequalities 


|| /*. « _ /*• P ||* = || P ’ n f' * -Pnf’ P ||* + |1 K\f U '-PnJ 


1. P I 


<1 + ( II P "nf' * || + || Kf' V || ) 2 <5, 

true for all p and s. 

Take a number n 2 = n( 1/2) corresponding to e = l/2. The se¬ 
quence PnJ 1 ’ 1 , ...,PnJ l,t , ... belongs to H Ut and is bounded; 
hence from it a subsequence P„J 2 ' s , s=l, 2, ..., can be selected 
for which || P'nJ 2 ' s — ^ , n 1 / 2 ’ P ||-< 1/2 for all p and s. 

In view of (12), we have \\f’‘-f’ p \\ 2 = \\PnJ 2 ’ s -PnJ 2 ’ P \\ 2 + 

+ |!n/’ 4 -n/' P || 2 <4 + T = T for a11 s ’ P’ and 80 on - For 

e = l !i we can find n* = re(l/i) and from the subsequence P' n J 1 ~ i,t , 
s=l,2, ..., we can choose a subsequence P' n .f s=l,2, ..., 
such that || PnJ l,> — PnJ 1 ’ p ||<Cl/i for all s, p. Noting (12), for 

the subsequence f’‘, s = l, 2, ..., we have ||/ 1 ’* — / ,,P || 2 ^ 
<;i/i 2 + 4/i 2 = 5/i 2 for all s, p. 

The diagonal sequence /*• 6 , s = 1, 2, . . ., is a subsequence of 
the initial sequence and is such that || /p> p — f s < 5 || ^ 5/i 2 for all 
p, sj> i, that is, it is fundamental. 

Necessity. The necessity of boundedness of the set M was proved 
in Lemma 1 (Subsec. 6). We shall establish the necessity of the 
second condition in the hypothesis. 

Suppose that aH is compact but nevertheless there is an e 0 > 0 
such that for any n || Pnf 1 || >- e 0 for some f 1 £ a/ft. 

Taking arbitrary n x , we find a corresponding f ni £ <M such that 
II PnJ ni II ^ e 0 . On the basis of / ni we choose a number n 2 > n x 
such that || P" n J ni || < e 0 /2 (this is possible, since for any fixed 
/ 6 H, || P’j || -> 0 as k oo). Corresponding to n 2 we choose 
f n2 6 e/fl such that || P" n j n2 || e 0 , and on the basis of f n 2 we choose 
an n 3 such that || P"nJ ni II < e 0 /2, and so on. Thus, we obtain a se¬ 
quence / n fc, k = 1, 2, . . ., of elements of a/fl for which the inequa¬ 
lities 



hold. 


6-0594 
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We show that this sequence cannot contain a fundamental sub¬ 
sequence. Indeed, in view of (12) and the fact that || P" n f || is mono¬ 
tone with respect to n, we have for any k > s 

II f h ~ f* IP = II P’n h (f h ~ f S ) |P + || K k if" ~ f % ) |P 

^ II K k (/"* ~ A IP > ( II P“r,J h II - || Pn/ S II ) 2 

> (|| Pn/ h || -1| Pn s+ f° || ) 2 > (e 0 ~ eo/2) 2 = eJ/4. 

Corollary. Let el be a set in the separable Hilbert space H. 
Consider a family of sets acz H, e > 0, having the following 
property: for any / £ <M an element f — /'(e) can be found in each 
e > 0, such that || /' — / || ^ e. If for some sequence e h —► 0 as 
k -> oo, > 0, all the sets oM t - h are compact , then a/H is compact. 

Consider an arbitrary e h of this sequence. Since is compact, 
we can find an n = n (s h ) such that || P" n f || ^ e ft for all / £ c# 8ft . 
But then for any / £ <Jt, || P" n f || = || P" n (/ — /') + P" n f || < 
< II Pn (f - f) II + || Pnf II < II / - ni + < 2e h if /' IS an 

element of e/fle h such that \\f — f || ^ e fe . Since e s -> 0, by Theo¬ 
rem 2 the set ail is compact. 

8. Weak Compactness. A set eM in the Hilbert space H is called 
weakly compact if from any (infinite) sequence of its elements one 
can construct a subsequence that converges weakly to an element 
of H (not necessarily belonging to aM). 

Theorem 3. Any bounded subset of a Hilbert space is weakly com¬ 
pact. 

In fact, boundedness is not only sufficient but also necessary 
for the set to be weakly compact; however, we shall not prove the 
necessity and confine only to the proof of sufficiency in the case of 
a separable Hilbert space. 

Proof. Let e h , k = 1, 2, . . ., be an orthonormal basis for H and 
M a bounded set in H : || / || ^ C for all / ( rf. Consider an arbitrary 
sequence / & , fe = 1, 2, . . ., of elements of oM. Since for all k ||/ ft || ^ 

C, the number sequence ( f h , e x ), k = 1, 2, . . ., is bounded: 

I (A e i ) I ^ II f h II II e x |1 ^ C; hence from the sequence f k , k = 
= 1 , 2, . . ., one can select a subsequence / 1 - ft , k = 1 , 2, . . ., 
such that the number sequence (/ 1>ft , e x ) converges to some o x : 
(f uh , e 1 )-+o 1 as k —v oo. The number sequence (f iih , e 2 ) is also 
bounded; this means that from the sequence /‘• ft , k — 1, 2, . . ., 
a subsequence f 2 > h , k = 1, 2, . . ., may be chosen such that (/ 2 ' h . e 2 ) 
converges to a a 2 as k oo, and so on. 

We shall show that the diagonal sequence f h ’ h , k = 1, 2, . . ., 
is weakly convergent. First, let us note that for any s > 1 (/*•*, *.)-> 


C-tiL t oA 
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—+ o s as k ■—> oo. Hence for any m 1 

mm m 

(f h, \ 1111 o i(/ h ’ h .*i)-*- S I 0 /! 2 as 

i=l i=l i= 1 

m mm 

Since 11 a^i) | 2 <|| f' k || 2 2| 0 ;| 2 < c ’ 2 2|o';| 2 i we have 

i=l i= 1 i=l 

m oo 

2 |(ii| 2 - : C^' 2 f° r any Consequently, 2 l 0 ;l 2 <J£ 2 - By Lem- 

i—l i=l 

OO 

ma 1, (Sec. 2.6) the series 2 a i e i converges to an element 


i= 1 


/ £ H and || /1| 2 = 2 |°i l 2 - It will I> e shown that the sequence 


i=l 


f h ' h , k = 1,2, ..., converges weakly to /. 

Let g be any element of 77. Taking an e>0, we choose s=s(e) 

oo 

such that 2 I Si l 2- ^-a 2 - By the generalized Parseval-Steklov 

i=s+l 

equality (equality (5') in Sec. 2.7), we obtain 
I (/*’*- Ug) | = I 2 ((/"’\ e t ) - a t ) g t I < 2 I (?' \e t )- a t |.. \g t | 


i=l 


i=l 


Furthermore, 


+ 2 |(/ fc *\e»)l-k«l+ S KH*i|- (13) 

i=s+l i=s+l 


( S l 0 il-Ui|) 2 < 11 l 0 i| 2 - 11 \gi | 2 <!l/ll 2 -e 2 , 

i=s+l i=s+l i=s-fl 

oo oo oo 

( 11 |(/* , \*i)||Si|) 2 < H I (/"’ \ et) I 2 2 ki| 2 <C 2 e 2 - 

1=S+1 1=5+1 1=5+1 

By the definition of numbers a t , the first term in the right side of 
(13) can also be made < e if /c k 0 (e) for some k 0 (e). Thus 
!(/*■*-/, g) |<e + e(C + |i/ ||) for k > k 0 (e). | 

9. Completely Continuous Operators. Let 77 bea Hilbert space. 
A linear operator A acting from 77 into 77 and defined on 77 is said 
to be completely continuous if it maps a bounded set into a compact 
set. 

If A 1 and A 2 are completely continuous operators, then so is the- 
operator c 1 A 1 + c 2 A 2 with arbitrary constants c lt c 2 . If the operator 
A is completely continuous and the operator B defined on 77 is bound¬ 
ed, then the operators AB and BA are also completely continuous. 

From Lemma 1 (Subsec. 6) it follows that a completely continuous 
operator is bounded. However, not every bounded operator is com¬ 
pletely continuous. For instance, the identity operator 7 acting 

6 * 
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in an infinite-dimensional Hilbert space cannot be completely 
continuous, for it maps a noncompact set—the orthonormal basis— 
into itself. 

A finite-dimensional bounded operator is completely continuous; 
this fact is a consequence of Lemma 2 (Subsec. 6). The following 
result is a direct generalization of this assertion. 

Theorem 4. For a bounded linear operator A defined on a separable 
Hilbert space H and acting from H into H to be completely continuous, 
it is necessary and sufficient that for any e > 0 it is possible to find an 
integer n = n(e) and linear operators A x and A a , where A x is n-dimen- 
sional and || A 2 || ^ e, such that 

A = A x + A 2 . (14) 

Thus completely continuous operators are those operators which 
are “almost^finite-dimensional”. 

Necessity. In view of (11) (see Subsec. 7), for any / £ H and any 
re > 0 we have the representation 

Af = P' n Af + KAf (A = P^A + PnA). (15) 

Since A is completely continuous, given an e > 0 an n = re(e) can 
be found such that || P’ n A || ^ e. Indeed, by Theorem 2, || P'nAf || = 
= || / || || P" n A(f/\\ f j|)|| ^ e || / ||, because the boundedness of 
{//|| / 11} implies the compactness of {A (//11 / 11)}- Since P' n A is 
re-dimensional, the necessity is established. 

Sufficiency. Let f h , k — 1, 2, . . ., be an arbitrary bounded se¬ 
quence’in H, || f h || C, k = 1, 2, . . .. We shall demonstrate 

that fundamental subsequence can be extracted from the sequence 
A/*, k — 1, 2, .... Choosing an e > 0 from the set {1, 1/2, . . . 

. . ., 1 li, . . .}, for e = 1/i we can find n t — n (1 li) and operators 
A\ and A\ such that A — A\ + A\, where A[ is re r dimensional and 

|| A\ || < 1/L Then || A\ || = \\ A - A* || < || A || + || A\ || < 

^ || A || + 1. The set A\f h , k — 1,2,..., is bounded in the 
Rj-dimensional space, therefore (Lemma 2, Subsec. 6) from it a 
fundamental subsequence A}/ 1 - h , k — 1, 2, . . ., can be chosen. The 
sequence / 1 > h , k — 1, 2, . . ., has the property: || A x J l ’ h || ^ 
^ I! A\ || || f l ’ h || < 1-C. The sequence A*/ 1 -*, k = 1, 2, . . ., is 
a bounded sequence of the re 2 -dimensional space, therefore there is 
a corresponding fundamental subsequence A\f 2 ’ h ,k = 1, 2, .... 
This subsequence satisfies the inequality || A|/ 2 - h || ^ || A||| || / 2 - h ||^ 

\ 

< Y -C, and so on. 

The diagonal sequence /L 1 , Z 2 - 2 , . . . has the following obvious 
properties: the sequence Aif h - h , k = 1, 2, . . ., is fundamental 
for any i, because for k^- i f h ’ h are elements of the sequence / i ’ h , 
k = 1,2,.... Further, || A\f h ' h |1 ^ Cli for all i. Let us show 
that the sequence A/ h - h , k — 1,2, . . ., is fundamental. Take an 
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e > 0 and fix i > 1/e. Since A\f h ' h , k — 1, 2, . . is a fundamen¬ 
tal sequence, for sufficiently large k, s we have 

|| A f h ' k -Af'° ||<|| A\ (/*•*-f' s ) || +1| 4 {f k ' h ~ f' s ) || 

- II Atf ’ k || + |J A\f s ’ s || + 2C/i^(l -f- 2 C) e. 

as required. (| 

Theorem 4 yields, in particular, the following result. 

Suppose that the linear operator A acting from a separable Hilbert 
space H into H and defined on the whole H is completely continuous. 
Then its adjoint A* is also completely continuous. 

Indeed, the representation (14) generates the representation A* — 
— A* + A*, where || A* || = || A 2 || ^ e. Accordingly, the above 
assertion will have been established if it is shown that A* is a finite¬ 
dimensional operator. 

Let R Al be an n-dimensional subspace of H and e t , ..., e n an 

n 

orthonormal basis for it. Then for any f£H AJ = j2 (A,/, e^ei — 

i= 1 

n 

= 2 (/> A * e i)ei. Consequently, for any /, g£LI we have 

i=l 

(Alt, g) = 2i (/, AUi)gi = (f, ii giAUi), 

i=l i=l 

that is, 

(/, A*g) = (Aj/, g) (/, § g t A .?*,). 

i= 1 

n 

Hence for all g£H A*g = g;Aie ; . This means that R * is a 

i=l 1 

subspace spanned by the elements Afe lt ...," A*e n , that is, A* is 
finite-dimensional. 


§ 4. LINEAR EQUATIONS IN A HILBERT SPACE 

The results of this section are true for any Banach space; nonethe¬ 
less, we shall confine our discussion only to a separable Hilbert 
space H. 

1. Contracting Linear Operator. A linear operator A acting from H 
into H and defined on H is called a contraction if || A || < 1. 

Lemma 1. If A is a contraction from H into II, then there is an 
operator (/ — A) -1 from H into H which is defined on H, and 

IK/-4- 1 
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To prove this, we consider the equation 

(/ -A)f = g (1) 

and show that for any g £ H it has a unique solution given by the 

oo 

series / = 2 j A h g (.A 0 = I) which converges in H. 

h=0 

The last series converges, because H is complete and the partial 

m 

sums g m = 2 A h g constitute a fundamental sequence: for, p > m 

h=0 

|| g P -g m \\ = \\A*g+...+ A m "g || < || A*g || + ... +1| || 

< 11*11 (IMin+.-o-lkli l-li'Tii ~^° as m ' 

The element / £ H is a solution of (1), since (/ — A)f = 

= {g +- Ag + ...) — (Ag + A 2 g +...)= g. 

This solution is unique. In fact, assume that there are two solu¬ 
tions /j and f 2 of Eq. (1). Then the element / = / x — / 2 is the solu¬ 
tion of the homogeneous equation / = Af\ accordingly, it satisfies 
II / II = II Af || < \\A || || / ||. Hence / = o, that is / x = / 2 . 

Thus the operator (I — A)~‘ exists, is defined on the whole //, 
is bounded, because for all g£H || (/ — A) -1 g || = || g-|-+ • • • 

. .. +A m g+ . .. IKII^H (1 + 1| A ||+ • ■ •) = T ! J ^ ir -and IK/-H)- 1 1| < 

^ i-IMII ' I 

Remark. Under the hypothesis of Lemma 1 the bounded opera¬ 
tor (/ — A*) -1 also exists, since || A* || = || A || < 1, and 
(/ _ A*)- 1 = [(/ _ A)- 1 ]*. 

To prove this relation, we take arbitrary f , g' 6 H and construct 
(Lemma 1) corresponding /, g 6 H such that (I — A) f = f, 
(/ — A*) g = g'. 

Since / = (I — A)' 1 j' and g — (/ — A *) _1 g ', the relation 
((/ — A) /, g) = (/, (/ — A*) g) can be written as (/',(/—A*)"Y) = 
= ((/ — Ay 1 ]', g'), whence the desired relation follows. 

2. Equation with a Completely Continuous Operator. We consider 
Eq. (1) without the assumption that the norm of A is small. Instead 
we assume that A is completely continuous. 

By Theorem 4, Sec. 3.9, (1) can be written as (/ — A 2 ) f — AJ — 
= g, where A 1 is an re-dimensional operator and || A 2 |j ^ e < 1. 
Put h = (I — 4 2 ) /. By Lemma 1, the operator I —|A 2 has a bound¬ 
ed inverse (/ — A 2 ) -1 defined on H ; 

(I-A t )f = h, 1 = (I-A t )~'h. (2) 

Eq. (1) for/i can be expressed in the form 

h-A 1 (I - A 2 )-% = g. (3) 
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Let A* be adjoint of A. The equation 

(7 — A*) f* = g* (1*) 

is referred to as adjoint of Eq. (1). The relation A = A x + A 2 
implies A* — A* + A*. In view of the Remark to Lemma 1, the 
operator (7 — A£) has a bounded inverse (7 — A*) -1 = [(7—Aa) -1 ]* 
defined on 77, 

(7 — A£) _1 g* — z *i S* = (T — Al) z*. (2*) 

Eq. (1*) can be written in the form 

(7 - At) f* - A*J* = g*. 

Applying to it the operator (7 — AJ)" 1 , we obtain the equivalent 
equation 

/* - [(7 - A 2 )- 1 ]* Atf* = z*, (3*) 

where the operator [(7 — A 2 ) _1 ]*A* is adjoint of the operator 
A 1 (I - A,)' 1 (in Eq. (3)). 

The operator A X {I — Aa)' 1 is clearly n-dimensional, therefore, 
its matrix representation (a^) in the corresponding orthonormal 
basis e h , k = 1, 2, ... (the subspace spanned by the elements 
e x , e 2 , . . e n coincides with B' Ai(I _ Ag) -i, satisfies the property that 
a t j = 0 for 1, j n + 1 (see Sec. 3.4), and formula (5) of 
Sec. 3.4 yields, for any 

2 |a i ,| z <||A 1 (7-A 2 )- 1 |( 2 . 

i =1 

By formula (7), Sec. 3.4, Eq. (3) can be expressed in the form 

2hjej — 22 h t a ij e j = which, in view of the linear inde- 

i i i j 

pendence of the system e x , e 2 , • * *, is equivalent to a system of algeb¬ 
raic equations for the Fourier coefficients h u . . ., h m , ... of the 
desired element h: 

oo 

hj — 2 a ijhi — gj, j^n; hj = g } , />«. 

i =1 

Since the coefficients hj are known when / > n: 

= g h j > n, (4) 

the last system reduces to the system of algebraic equations 

n oo 

hj—'2a ij h i = g j + 2 ^ijgt, 7 = 1, .. ., re, (5) 

i=l i—n+l 

for hj, j^n. 
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Similarly, Eq. (3*) can be replaced by an equivalent algebraic 
system of equations for determining Fourier coefficients f) , j = 
= 1, 2, . . of the element /* in terms of the Fourier coefficients 
z*, 7 = 1, 2, . . ., of the element z* — (/ — A*)~ x g*. For /*, 
7 ^ re, we obtain the linear algebraic system 

/* — S ajift = z*, / = 1, ..., re, (5*) 

i=i 

while /*, j > re, are determined uniquely in terms of /*, j ^ re, by 
the formulas 

ft = Zj + S ajtff , ; > re. (4*) 

1=1 

3. Fredholm’s First Theorem. The matrices of systems (5) and 
(5*) are Hermitian conjugate, therefore moduli of their determi¬ 
nants are equal. Hence if one of these systems is solvable with any 
free term, that is, the corresponding determinant does not vanish, 
then the same property is possessed by the second of these systems, 
and the solutions of these systems are determined uniquely. In 
particular, the corresponding homogeneous systems have only 
trivial solutions. Or if one of the homogeneous systems (5) or (5*) 
has only a trivial solution (accordingly, the corresponding determi¬ 
nant does not vanish), then so has the other, and the systems (5) 
and (5*) are solvable (uniquely) with any free term. 

Eqs. (1) and (1*) also have the same property. 

In fact, assume that Eq. (1) (or Eq. (1*)) is solvable with any g 
(or g*) of H\ or, in view of (2) (or (2*)) what amounts to the same 
thing, Eq. (3) (or (3*)) is solvable with any g(orz*) of H. In particu¬ 
lar, it has a solution for any g (or z*) of the subspace spanned by the 
elements e x , . . ., e n . Consequently, the system of Eqs. (5) (or (5*)) 
is solvable with any right-hand side. That is, the determinant of the 
system does not vanish, and the homogeneous systems (5) and (5*) 
have only trivial solutions. Then, in view of (4) and (4*), the homo¬ 
geneous equations (1) and (1*) have only trivial solutions. 

Conversely, suppose that one of the homogeneous equations (1) 
or (1*) has only a trivial solution. Then the corresponding homoge¬ 
neous system (5) or (5*) has only a trivial solution. Consequently, 
the determinants of both the systems do not vanish. That is, the 
nonhomogeneous systems (5) and (5*) have (unique) solutions for 
any free term. Then, in view of (4) and (4*), Eqs. (1) and (1*) are 
(uniquely) solvable with any free term belonging to H. This implies 
that the inverse operators (/ — A)~ x and (/ — A*)~ x exist and are 
defined on H. 

Let us show that these operators are bounded. 
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Suppose that the system (5) is uniquely solvable (the determinant 
of matrix in (5) is nonvanishing) and that (h lt . . ., h n ) is its solu¬ 
tion. From Cramer’s rule it follows that there exists a constant 
C > 0, independent of the free term in (5), such that 

2 im 2 <c 2 2 \gj+ 2 o-ijgi\ 2 - (6> 

/= 1 j=l i=n+l 

Since 

si*+ 2 « t ^i 2 <2 2 (k/i a + 2 i«ui 2 - 2 i gt i 2 ) 

j= 1 i—n +1 j= 1 i=n-f-1 i=n+l 

< || g |p (2 + 2n \\A t (/- A 2 )~' |P) = C\ || g |p, 

we have 

2 |^P<(CC 1 ) 2 ||g|p 

3=1 

and 

IW=2lM a + 2 | gj l 2 -^(i+ c 2 Ci) || g ip= Cj||g ip. 

3=1 J**n+1 

Consequently, in view of (2) 

ll/ll<C 3 ||g||, (7) 

where the constant C 3 > 0 does not depend on g. This in turn means 
that the operator (/ — A ) _1 and, hence also, the operator (/ — A*)~ x 
are bounded: || (I — A)~ l — || (/ — .4*) -1 || ^ C 3 . 

Thus we have established the following assertion. 

Theorem 1 (Fredholm’s First Theorem). Let A be a completely 
continuous linear operator from H into H which is defined on H. If one 
of the Eqs. (1) or (1*) has a solution for any free term , then the other 
also has a solution for any free term, and these solutions are unique, 
that is, the homogeneous equations (1) (g — o) and (1*) (g* — o) have 
only trivial solutions. 

If one of the homogeneous equations (1) (g — o) or (1*) (g* = o) 
has only a trivial solution, then so has the other equation. Eqs. (1) and 
(1*) are uniquely solvable with any free terms, that is, the operators 
(/ — A)~ l and (I — 4*) -1 exist and are defined on H, and these 
operators are bounded. 

4. Fredholm’s Second Theorem. Note that the ranks of matrices 
B = || b u ||, where b u = b i} — ay, i, f = 1, . . ., n (6 i7 - = 0 
when i f, 8 i; = 1), and B* — || bj t || in the systems (5) and (5*) 
are the same. Therefore the homogeneous systems (5) and (5*) have 
always the same number k ^ n of linearly independent solutions. 
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Then, by (2), (4) and (4*), the sets of all solutions of homogeneous 
equations (1) and (1*) also contain exactly k linearly independent 
elements. 

Thus we have the following result. 

Theorem 2 (Fredholm’s Second Theorem). If the homogeneous 
equation (1) (A is a completely continuous operator from H into H and 
defined on H) has nontrivial solutions, then only a finite number of 
them are linearly independent. The homogeneous equation (1*) has also 
the same number of linearly independent solutions. 

5. Fredholm’s Third Theorem, We now examine the question of 
solvability of Eq. (1) when the homogeneous equation (1) may have 
nontrivial solutions. By Fredholm’s Second Theorem, the homoge¬ 
neous equation (1) has only a finite number of linearly independent 
solutions: f 1 , . . ., f h . The same number of linearly independent 
solutions has also the homogeneous equation (1*): /**, . . ., f h *. 
The system f l , . . ,,f h (as also the system /'*, . . ., f h *) can be 
assumed to be orthonormal. 

Theorem 3 (Fredholm’s Third Theorem,) For Eq. (1) with a com¬ 
pletely continuous operator A from H into H and defined on H to have 
a solution, it is necessary and sufficient that the element g be orthogonal 
to all the solutions of the homogeneous equation (1*). 

Among all the solutions of Eq. (1) there is a unique solution f that 
is orthogonal to all the solutions of the homogeneous equation (1). 
Any other solution of Eq. (1) is expressed as a sum of this solution and 
some solution of the homogeneous equation (1). Solution f satisfies the 
inequality (7) in which the constant does not depend on g. 

Proof. Suppose that the] solution of Eq. (1) exists, then, by (2), 
Eq. (3) as well as the system (5) alsojhave solutions. 

Let the rank of the matrix B — || ba ||, where b t j — 6 i; - — a ;; -, 
i, ; = 1, . . ., n, be n — k. Then the subspace R n -h of the n-dimen- 
sional vector space spanned by the vectors B t = (6 n , . . ., b in ), 
i = 1, . . ., n, forming columns of B, is of dimension n — k. Since 

n 

the homogeneous system (5*): 2 baft = 0, /' = 1. . . ., n, can be 

i=i 

written in the form (/*, Bf) = 0, i = 1, . . ., n, it follows that 
the solutions of the homogeneous system (5*) constitute a &-dimen- 
sional subspace, denoted by Rn-h, orthogonal to the subspace 
Bn -h- 

By the Kronecker-Kapelli theorem, for the system (5) to have 
a solution it is necessary and sufficient that the ranks of B and the 
augmented matrix obtained by adjoining to B the column consisting 
of free terms of (5) coincide, that is, the vector constituted by free 
terms should belong to the space or, what is the same, should 

be orthogonal to Rn-h- 
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Noting that any solution /* of the homogeneous equation (1*) 
is of the form 


f* — f*e 1 ~h ■ ■ • + /n e n + fn+l^n+i ~f~ • • •» 

where the vector fn) is the solution of the homoge- 

n 

neous system (5*) and /* = 2 a nft when j > n, and expressing 

i=i _ 

the condition of orthogonality of vectors /* and the right side of 
(5) as follows 

S a ijgi )}* = & g~f*+ 5 gtlt = (g,n, 

j—l i=n+i 3=1 i=n+l 

we find that if the solution of the nonhomogeneous equation (1) 
exists, then the element g must be orthogonal to all the solutions of 
the homogeneous equation (1*). 

Conversely, if the element g is orthogonal to all the solutions /* 
of the homogeneous equation (1*), then the vector with components 

oo 

gj + ]j a u g„ / = 1, . . ., n, is orthogonal to all the solutions 
^ i=n+l 

/* of the homogeneous system (5*). Consequently, system (5) and 
together with it Eq. (1) have solutions. 

Let /„ be a solution of the nonhomogeneous equation (1) and 
f 1 , . . ., f k be an orthonormal system of solutions of the homogeneous 
equation (1). Then the element / = f 0 — (/ 0 , f 1 ) f 1 — ... — 
— (/o, f h ) f h is a l so a solution of Eq. (1), and it is orthogonal to all 
the solutions of the homogeneous equation (1). Such a solution is 
unique: for if there were one more such solution /, then their differ¬ 
ence] / — /, being a solution of the homogeneous equation (1), 
would be orthogonal to all the solutions of the homogeneous equa¬ 
tion (1) including itself, that is, / — / = o. 

If /' is any solution of the nonhomogeneous equation (1), then 
/' — f — f" is a solution of the homogeneous equation (1), that is, 
/' = / + /"• 

We shall now establish inequality (7). Suppose that h is an ele¬ 
ment of H corresponding, according to (2), to the element /. This 
means that h is a solution of Eq. (3) which satisfies k equations: 

o = (/, h = ((/ - A t )-% f) = (h, (/ - A*)-Y), 

i = 1. k. (8) 

Since the augmented matrix of system (5) has the same rank n — k 
as the matrix B, some of k equations in the system (5) are linear 
combinations of the remaining n — k equations. Therefore if we de- 
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lete these k equations, the resulting system will be equivalent to the 
system (5). 

Thus n-dimensional vector (h 1 , . . ., h n ) is a solution of the 
linear system of n equations ( n — k equations of (5) and k equa¬ 
tions of (8)) whose coefficients do not depend on the right-hand side 
of (5). Moreover, since the element / is unique, it follows that 
(h t , . . ., h n ) is a unique solution of this system, that is, the deter¬ 
minant of the resulting system is not zero. Then the vector 
(h 1 , . . ., h n ) can be obtained by Cramer’s rule. Therefore inequal¬ 
ity (6) holds for it, which readily yields the desired inequality (7). | 

6. Eigenvalues and Eigenelements of a Completely Continuous 
Operator. A quantity k is called an eigenvalue of a linear operator A 
acting from H into H if there is an element / 6 H such that f ^ o 
and Af = kf; the element / is termed eigenelement of the operator A . 
The quantity p = 1 Ik, k =/= 0, is called the characteristic value. 
Since together with / the element cf for any constant c =£ 0 is also 
an eigenelement corresponding to the eigenvalue k, the eigenelements 
can be assumed normalized by, for instance, the condition, || / || = 1. 

The maximum number of linearly independent eigenelements 
corresponding to the given characteristic value (eigenvalue) is 
called the multiplicity of this characteristic value of the eigenvalue. 
If there is an infinite number of linearly independent eigenelements 
corresponding to a characteristic value (eigenvalue), the multiplic¬ 
ity of the characteristic value (of the eigenvalue) is infinite. 

Suppose that the operator A defined on the whole H is completely 
continuous. Then the operator pA, where p is a complex number, 
is also completely continuous. The following assertions are a con¬ 
sequence of Theorems 1, 2 and 3. 

For the equation 


f — V-Af — g (V) 

to have a solution for all g £ H, it is necessary and sufficient that p 
should not be a characteristic value of A (that is, 1/p should not be an 
eigenvalue). If p is a characteristic value, then it is of finite multiplicity 
and p is characteristic value of the operator A* with the same multiplic¬ 
ity. In order that Eq. (1') may be solvable in this case, it is necessary 
and sufficient that the element g be orthogonal to all the eigenelements 

of A* that correspond to the eigenvalue 1/p. In this case the solution 
of Eq. (1') is unique, and this solution is orthogonal to all the eigen¬ 
elements of A corresponding to the eigenvalue 1/p. 

These are precisely the assertions that are usually referred to as 
Fredholm’s Theorems. 

7. Fredholm’s Fourth Theorem. We shall establish some prop¬ 
erties of characteristic values of a completely continuous operator. 
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Theorem 4 (Fredholm’s Fourth Theorem). For any M > 0 the 
disc {] jj, | <C M} of the complex plane can contain only a finite number 
of characteristic values of a completely continuous operator acting 
from H into H with domain of definition H or, equivalently, only a 
finite number of eigenvalues can lie outside the disc {| h | <C 1/M}. 

Proof. Assume the contrary, that is, let the disc {| p. | < M) 
contain an infinite number of characteristic values pj, . . ., 
p ; \x,j, i =f= j. Let e* be some eigenelement corresponding to the 
characteristic value p 2 , i = 1, 2, .... 

We shall demonstrate that for any n^l the system e lt ..., e n 
is linearly independent. When n = 1, this assertion is trivial. 
Let it be also true for n — 1 elements. Assume that e^, ...,e n 
are linearly dependent. Then e n = c i e l -f ... +c n _!e n _, for some 

constants q, . ..,c n _ t , not all zero. But Ae n = =Cj — -f ... 

Pn Pi 

• • • +c„- i~ ; accordingly, c t (1 — ej-f .. .+c n -i f 1 ”ir 2 -) X 

rn-i ' M-l / ' ^n-i/ 

xe„.) = o, which is impossible, since 1—^=0,/c=l, ..., n —1. 

Let 9i n be the subspace spanned by the elements e 1 , . . ., e n . 
From what has been shown above, it follows that 91 a cz 91 2 c . . . 

. . . cz 91 n c . . . and 91^ =£ 91 n _ 1 for any n. Therefore, for any n 
an element f n 6 91 n can be found such that / n _L91 n _ 1 , || /„ || = 1. 
Since the set f x , / 2 , ...,/„, ... is bounded and the operator A 
is completely continuous, a fundamental subsequence can be chosen 
from the set Af u . . ., Af n , . . .. 

We shall demonstrate that this, in fact, cannot be done, which 
will be the contradiction required for the proof of the theorem. 

For arbitrary integers m., n, m<fn, Af n — Af m ——/„ + 

Pn 

+ — (v-nAfn — f n ) — A/ m = -^-/ n + CT n , where dn^n-,, because 

rn M-n 

Afm € c= and p n Af n — f n = p n A (c^ + ... + c n e n ) — (c^ + 

• • • + c n e n ) = Cl (- Jj- — 1 )e l + . + c n _! ( ^ — 1 )*n -1 € There¬ 

fore llAf n -Af m \\^\\^fn + o n \\^j^\\f n \\=^>±, that 
is, the sequence Af t , Af 2 , ..., Af n , ... cannot contain a funda¬ 
mental subsequence. | 

Theorem 4 implies that the set of characteristic values of a completely 
continuous operator is at most countable (it may even be empty!). The 
characteristic values, if they exist, can be arranged in the order of non¬ 
decreasing moduli 

Pi, P 2 , • • *, (9) 

I Pi I I Pi+i I, i = 1, 2, . . .; moreover, every characteristic value 
in the sequence (9) is counted as many times as its multiplicity. The 
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set (9) may contain a finite number of elements (in particular, it 
may be empty) or inftnitely-many elements. In the latter case 

I Ha I —00 as h —*■ 00 . (10) 

With the sequence (9) is associated the sequence of corresponding eigen- 
elements 

*1. g 2- • • •. (11) 

which is linearly independent. 

It will be proved in the following section that for a selfadjoint 
completely continuous operator A O the sets (9) and (11) are 
nonempty. 


§ 5. SELFADJOINT COMPLETELY CONTINUOUS 
OPERATORS 

1. Eigenvalues and Eigenelements of a Selfadjoint Completely 
Continuous Operator. Let A be a bounded selfadjoint linear opera¬ 
tor from H into H. Since for all /, || / || = 1, | (Af, f) | ^ || A ||, 
it follows that on the unit sphere 11/11 = 1 there exist exact upper 
and lower bounds of the quadratic form (Af, f) associated with the 
operator A: m = inf (Af, f), M = sup (Af, f); furthermore, 
11/11=-! 11/11=1 
I m | < || A ||, M < || A II, m < (Af, f) < M. 

If / is an arbitrary nonzero element of fl, then the element 

//||/j| belongs to the unit sphere; consequently, m = inf , 
M = sup ^’||^ , and hence the inequalities m /)< 

<7U||/|| 2 hold for all f£H. 

Since the quadratic form of operator A is real-valued, all its 
eigenvalues (characteristic values) are real: if X is an eigenvalue and / 
the corresponding eigenelement, that is, Af — Xf, then X = 
= (Af, /)/1| / |p. Therefore, m ^ X ^ M. 

The eigenelements f 1 and / 2 of operator A corresponding to different 
eigenvalues X j and X 2 are orthogonal. In fact, scalar multiplication 
of the relations Af 1 = X l f l and Af 2 — X 2 f 2 by / 2 and f x , respectively, 
and subsequent subtraction yield (Af x , / 2 ) — (/ x , A/ 2 ) = 
= (^1 — K) (fi, f 2 )• This implies (f x , / 2 ) = 0, since (Af t , / 2 ) = 
= (fi, -d/ 2 ) and =,4= X 2 . 

Lemma 1. For the number M — sup (Af, f) to be an eigenva- 

ll f 11 = 1 

lue and f 0 the corresponding eigenelement (it is assumed that || /„ || = 1) 
of a selfadjoint bounded operator A from H into H, it is necessary and 
sufficient that (Af 0 , f 0 ) = M. 
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Similarly, for the number m = inf (Af, f) to be an eigenvalue 

ll/ll- i 

and f 0 the corresponding eigenelement (it is assumed that || f 0 || = 1 ) 
of the operator A, it is necessary and sufficient that (Af 0 , f 0 ) = m. 

Proof. If M is an eigenvalue and /„ any corresponding eigenele- 
ment of the operator A, then Af 0 = Mf 0 . Therefore (Af 0 , f 0 ) — 
= M (f 0 , /„) = M, which proves the necessity part of the lemma. 

To prove the sufficiency, let ( Af 0 , /„) = M for some f 0 , || f 0 || = 1, 
or, equivalently, ( Mf 0 — Af 0 , f 0 ) = 0. Since for all / in H 0 ^ 
<1 M || / || 2 — (Af, f) = (Mf — Af, f), it follows that for an arbit¬ 
rary q> in H and any complex t (M (f 0 + itp) — A (/„ + tg), f 0 + 
+ t g) > 0, that is, 1 (Mf 0 — Af 0 , g) + t (Mf 0 — Af 0 , q) + 
+ | t | 2 (Mg> — Ag, g) ^ 0. Putting in this inequality t = — oe ia , 
where a = arg (Mf 0 — Af 0 , (p) and a is real, we obtain the inequali¬ 
ty —2 o | (Mf o — Af o, <p) | + a 2 (Mg — Ag, g) ^ 0, true for all 
real a. This inequality implies (Mf 0 — Af 0 , 9 ) — 0, and, since g is 
arbitrary, Mf 0 — Af 0 — 0. 

The second part of the lemma follows from the first part if instead 
of A one considers the operator — A. | 

Lemma 2. If the operator A acting from H into H is selfadfoint and 
completely continuous, then the quantity M = sup (Af, f) (similarly, 

ll/ll=i 

the quantity m — inf (Af, /)), if different from zero, is an eigenvalue 
J , ll/ll = i 

of this operator. 

Proof. Suppose M =/= 0. We consider the Hermitian bilinear from 
(Mf — Af, g), f, g £ H, and the corresponding quadratic form (Mf — 
- Af, f). For all / in H (Mf - Af, fs) > 0. 

We shall demonstrate that there is a nonzero element f 0 such that 
(Mf o — Af 0 , /„) = 0. Then Lemma 2 will follow from Lemma 1. 

Assume that no such f 0 exists. Then (Mf — Af,f),f£H, can van¬ 
ish only when / = 0 . Therefore the bilinear form (Mf — Af, g) 
can be taken as a new scalar product in H. This means that for any 
f,g\nH Bunyakovskii’s inequality 

I (Mf - Af, g) | 2 < (Mf - Af, f) (Mg - Ag, g) (1) 

holds. 

From the definition of M as the exact upper bound of the quadra¬ 
tic form (Af, f) on the unit sphere || / || = 1 it follows that there is a 
sequence f u f 2 , . . ., || / ; || = 1 , i = 1 , 2 , . . ., for which 

(Af n , f n ) M or 

(Mfn — Af n , f n ) -V 0, n OO. 

Putting in (1) / = g = Mf n — Af n , we obtain || Mf n — Af n || 4 ^ 
^ (Mfn -Afn, f n ) (M*f n - 2MAf n + A*f n , Mfn- Afn) ^ 

< (Mfn — Afn, fn) (| M \ + || A ||) 3 . Therefore, in view of (2), it 
follows that the sequence Mf n — Af n -> 0 as n -> oo. Since the ope¬ 
rator A is completely continuous and the sequence f lt f 2 , . . . 
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(|| it || = 1) is bounded, the sequence Af x , A/ 2 , ... is compact. 
This means that a convergent subsequence can be chosen from it; 
we assume that it coincides with Af x , Af 2 , .... Then the sequence 
Mf x , Mf 2 , . . ., and together with it (M =/= 0) also the sequence 
/ x , / 2 , . . ., converges. If the limit of the sequence f x , f 2 , ... is 
denoted by / 0 , then, evidently, || /„ || = 1, and by (2) ( Mf 0 — 

— A/o,/o) = O-B 

Theorem 1. For every nonzero self adjoint completely continuous oper¬ 
ator A from H into H (H is a Hilbert space) one of the quantities 
±1/|| A || = ±1/ sup | (Af, f) | is the first (smallest in absolute 
il t II =i 

value) characteristic value px, and p x = MM if M > \ m\, where 

M — sup (Af, /), m — inf (Af, f), p x = Mm if M < | m |. 

Il/ll = i ll/ll=i 

If M = | nr |, then both the quantities Mm and MM are characteristic 
values, smallest in absolute values, of the operator A. 

All the elements /„ for which (Af 0 , f 0 )/\\f 0 II 2 = M when M> 

> | m | or (Af 0 , / 0 )/|| fo II 2 = nr when M <j | m |, and only they, 

are eigenelements corresponding j to p x . If M— \ m |, then eigenele- 
ments corresponding to the characteristic value MM are only those / 0 
for which (Af 0 , f 0 )/\\f 0 || 2 = M, while eigenelements corresponding to 
the characteristic value Mm are only those /„ for which (Af 0 , /„)/1| f 0 || 2 = 
= m. 

In particular, if the operator A is nonnegative, then 


Pi = 


- 7 T - . - -A — inf ;-vv '~ 7 < = mt 

|/lY=l A ' ^ U/i|=l (A/» t) ;gH ( A f » D 


inf- 


I/II 2 


l|/l|= 


and the j eigenelements corresponding to p x , normalized by the condition 
|| / || = 1, are only those elements f 0 , || / 0 || = 1, where the quadratic 
form (Af, f) attains its upper bound on the unit sphere. 

Proof. To establish Theorem 1, it suffices, in view of Lemmas 1 
and 2, to demonstrate that || A|| = N, where N — sup | (Af, f) | = 

, ll/ll=i 

= max (| m |, M). As shown above, N ||A||, so that it remains 
only to establish the reverse inequality || A || ^ N. 

Since for any g £ H \(Ag, g) | ^ N || g || 2 and since (A (f 1 ± f 2 ), 
U ± / 2 ) = (A/ x , / x ) + (Af 2 , f 2 ) ± 2Re (A/ x , f 2 ), we have for any 

A, h e h 

| Re (A/ lt / 2 ) | = | (A (fi + fz), /1 + /2) (A (/1 — ff), / t / 2 ) | 


(| (/1 + /a)» fi + fz) | + {(A (fi / 2 ), fi fz) |) 


<4 (ii h+h 11 2 +11/1 —h ii 2 )=4- (ii u 11 2 +11 h 11 2 ). 

Putting in this inequality fi = VNf, f 2 = -y- Af, where / is an 


N 
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arbitrary element of H, we have ||A/|| 2 <;-^- (N || / j| 2 + -^-|j A/|| 2 ), 

whence it follows that ||^4/||<;iV||/||. Accordingly, ||A||<;A r . | 
Thus the sets 

Hi, p 2 , • • •> (3) 

e x , e 2 , . . . (4) 


of characteristic values and corresponding eigenelements of a self- 
adjoint completely continuous operator A O are not empty. In 
this case all the characteristic values are real and the system of eigen¬ 
elements can be assumed to be orthonormal, since eigenelements 
corresponding to different characteristic values are orthogonal and 
the finite number of linearly independent eigenelements corresponding 
to a given characteristic value can be orthonormalized. 

Let A be a completely continuous selfadjoint operator acting from 
H into H. By H n we denote the subspace of H consisting of elements 
/ that are orthogonal to the first n eigenelements of the operator A : 
(/, e t ) = 0, i = 1, . . ., n. 

For any / in H n , the element Af is also in H n , since ( Af , ei) = 

= (/, Aei) = — (J, e t ) = 0 for all i — 1, . . ., n. This means that 
J*f 

the operator A can be regarded as an operator acting from the Hil¬ 
bert space H n into H n . And it is, of course, selfadjoint and completely 
continuous. Its characteristic values and the corresponding eigen¬ 
elements coincide with the characteristic values p, n+1 , p„+ 2 , . . . and 
the corresponding eigenelements e n+1 , e n+2 , ... of the operator A 
acting from H into H. Therefore Theorem 1, applied to the operator 
A from H n into H n , yields 


IHn+l | 




sup 


IM. AI 


i=l, 




If the operator A is nonnegative, then 


Hn+l 


(/. ej)=0 
i=l,..., n 


inf 

(/. * j )=0 

i=l,..., n 


(Af, f) ■ 


(5) 


2. Fourier Expansion with Respect to Eigenelements of a Self- 
adjoint Completely Continuous Operator. Consider the orthonormal 
system (4) which consists of the eigenelements of a selfadjoint com¬ 
pletely continuous operator A from H into H, A =#= O. Let P n be 
the operator of orthogonal projection onto the subspace spanned by 
the elements e u . . ., e n , and let the operator A n = A — A P n = 
— A (I — P n ). 


7-0594 
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The operator A n is linear and bounded: \\ A n || ^ \\ A ||. 

The operator P n commutes with the operator A, because for any 
f€H 


APnf — A (f 1 e 1 + • . . + fn e n) — /l-^i + • • • + fnAe n 


fl_ 

Pi 


«!+•••+ ~T~ e n ~ 
rn 



= (/. M) «!+•••+(/. Ae n ) e n — (Af, <fi) ^4-... +(Af, e n ) e n =P n Af. 


Since the operators A and P n commute and are selfadjoint, the oper¬ 
ator AP n is selfadjoint: ( AP n )* = P%A* = P n A = AP n . Accord¬ 
ingly, the operator A n is also selfadjoint. 

Furthermore, the operator A n as the sum of two completely con¬ 
tinuous operators, the operator A and the finite-dimensional operator 
AP n — P n A, is completely continuous. 

For any / 6 H 

n 

A n / = A/-2 (6 ) 

i p 


The quantities p n+1 , . . . and the elements e n+1 , . . . are char¬ 
acteristic values and corresponding eigenelements of the operator 
A n . Indeed, since ( e p , e h ) = 0, k =£= p, using ( 6 ) we have A n e p = 

= Ae p - 2 {ep ' L ~- e h =-p for p> n + 1. 
ft=l Ph Pp 

The operator A n has no other characteristic values. Assume, on 
the contrary, that p and e are the characteristic value and eigenele- 
ment, p A n e = e, p = 7 ^ p p , p n + 1. Scalar multiplication of the 
last equality by e h , k n, yields ( e , e h ) = p (A n e, e h ) = p (e , 
A n e h )=0, since A n e h = o when k ^ n. Therefore, noting ( 6 ), 
A n e = Ae, that is, p Ae — e. Thus p is the characteristic value and e 
is the eigenelement of the operator A. But all the characteristic 
values of A are contained in sequence (3) and since e±e h , k — 
= 1, . . ., n it follows that p coincides with one of p ft , k n + 1. 

Since p n+1 is characteristic value, smallest in absolute value, of 
the operator A n , Theorem 1 yields 

' ^ n+1 * = II A n |f • (7 > 

If the sequences (3) and (4) are finite and contain m elements, then, 
according to Theorem 1, A m = O, since it has no characteristic val¬ 
ues. In this case A — AP m is a finite-dimensional operator, that is, 
for any / £ H 

m m 

-v-2 = 2 (‘4/w (8) 

b=l P h=l 
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When the sequences (3) and (4) are infinite, (7) and relation (10) 
of the preceding section imply that || || -*• 0 as n oo. This 

means that for any / 6 H \\A n f || ^ || A n || ||/ || ->0 as n ->• oo, that 
is, for any / 6 H 


AI -'iz APJ =2fc eh 

ft—i 


2 


(9) 


ft =1 


We have thus established the following important theorem. 

Theorem 2 (Hilbert-Schmidt). If A is the self adjoint completely 
continuous operator from H into H and f is an arbitrary element of H, 
then the element Af has Fourier expansion (9) (or (8)) with respect to 
the system (4). 

In our later discussions we shall require some corollaries of the 
Hilbert-Schmidt theorem. 

oo 

According to Lemma 2, Sec. 2.6, the Fourier series 2 fk e k of 

h—\ 

any element f£H with respect to the orthonormal system (4) 

oo oo 

converges in H; consequently, A 2 fh e k— 2 fk Ae k• But / ft -4e* = 

h=l h=l 

= fh -S’ = (/♦ Ae h) e h = ( A f , e h ) e h = ( Af) h e h . Therefore by (9) we have 

oo 

4(/-2 f h e k ) = o. (10) 

k—i 


If the operator A has an inverse A -1 , then (10) yields 

oo 

/= 2 1 h e k 

h=i; 

for any element f d H. This means that in this case the system (4) is 
an orthonormal basis for the space H. Thus we have proved the 
following result. 

Corollary 1. If the selfadjoint completely continuous operator A 
from H into H has an inverse, then the system (4) is an orthonormal 
basis for the space H. 

In the general case, from (10) we can only conclude that for any 
element / £ H there exists an element e 0 £ H, Ae 0 = 0, such that 

f — e 0 + 2 fh e h■ (11) 

b=l 


The set 31 containing the elements g £ H for which Ag = 0 is a 
subspace of H; any nonzero element of 31 is an eigenelement of the 
operator A corresponding to the zero eigenvalue. If the space H is 
assumed separable, a countable orthonormal basis e\, e' 2 , . . . (con- 

7 * 
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sisting of eigenelements of the operator A corresponding to the zero 
eigenvalue) can be constructed in 31. Then, by (11), for any / 6 H 
we have the expansion 

/— 2 fh e h+ 2 fh e hi 

where fk = (/, ek). 

Thus we have proved 

Corollary 2. For any selfadjoint completely continuous operator A 
from the separable ( Hilbert) space H into II there exists an orthonormal 
basis for II whose elements are the eigenelements of the operator A. 
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CHAPTER III 


FUNCTION SPACES 


In the preceding chapter we introduced the notions of Banach and 
Hilbert spaces. These notions were based only on the relationships 
between elements: it was enough to introduce the operations of 
addition of elements and multiplication by numbers, norm or cor¬ 
responding scalar product that satisfy some definite axioms. The 
nature of elements of these spaces was not at all important, and the 
general results obtained in the last chapter are applicable to all the 
spaces irrespective of the elements they are composed of. However, 
for the theory of differential equations these general properties are 
far from sufficient. In the investigation of partial differential equa¬ 
tions it is natural to consider function spaces, that is, spaces whose 
elements are, for our purposes, functions of n real variables. In the 
present chapter we shall introduce some function spaces and obtain 
assertions regarding mutual 'relationships between them that enable 
us to conclude from some properties of their elements various other 
properties. 


§ 1. SPACES OF CONTINUOUS AND CONTINUOUSLY 
DIFFERENTIABLE FUNCTIONS 

1. Normed Spaces C(Q) and C h (Q). We consider the set C {Q) 
of all the functions that are continuous in Q (Q is a bounded region 
in the space R n ). Let us first note that this set is a linear space. It 
can be directly verified that the functional max | / (x) | defined on 
_ *eo 

C(Q) satisfies all the axioms for being a norm (see Sec. 2.2., 
Chap. II): max \cf\=\c\ max | / |; \f x (x) + f 2 (x) | < | f x (x) | + 
xEQ £6Q 

4- I h ( x ) I f° r a ll x 6 Q, therefore max| f t (x) + / 2 (x) | ^ 

*EQ 
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^ max | /i ( x) | + max | / 2 ( x ); max | / (x) | >- 0 and max | f(x) \ — 
*£<j *£Q *£§_ *6Q 

= 0 only when /(#) = 0. Thus in £7(0 we may introduce the norm 


llfll C (Q) = ma llf( x )l- 

x£Q 


(1) 


The convergence in norm (1) coincides with uniform convergence in Q. 

The space £7(0 with norm (1) is Banach space, because, by the 
Cauchy criterion, any sequence of functions in C (Q) that is funda¬ 
mental in norm (1) converges uniformly to a function belonging 
to £7(0. 

Since, by Weirstrass’s theorem, every function continuous in Q 
is the limit of a sequence of polynomials that converges uniformly 
in Q (that is, in the norm (1)), the set of all the polynomials is every¬ 
where dense in C(Q). But, in turn, an arbitrary polynomial can be 
expressed as the limit of the sequence of polynomials with rational 
coefficients that converges uniformly in Q. Therefore the countable 
set of all polynomials with rational coefficients is also everywhere 
dense in C(Q). This means that the space £7(0 is separable. 

We consider in £7(0 the set £7(0 containing all the functions that 

• _ 

vanish on the boundary dQ of Q. Clearly, £7(0 is a linear manifold 
in £7 (0. This manifold is closed (in the norm (1)), because the limit 
of a sequence of functions in £7(0 converging uniformly in Q is a 

• — o — 

function belonging to £7(0; accordingly, £7(0 is a subspace of the 
space £7(0. 

Next, in £7(0 consider the subsets' C h (Q), k = 1, 2, . . ., con¬ 
sisting of the functions whose all the derivatives up to order k are 
continuous in Q. The set C h (Q) is a linear space. What is more, in 
C h (Q) one may introduce the norm 


llfll c »(Q) “ 2 max | f (x)\. 


( 2 ) 


Convergence in this norm means the uniform convergence in Q of 
the ^functions and all their derivatives up to order k. Evidently, 
£7 h (0 is a Banach space (with norm (2)). 

Let (| x — y |) be some averaging kernel (see Chap. I, Intro¬ 
duction) and / 6 £7(0. With h > 0, consider the function 


/h(*)= j f(y)®h(\x~y\)dy, x£R n . 


(3) 
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Functions f h (x), h > 0, are called the average functions for the 
function f(x) (the averaging functions for f(x)). From the Property (a) 
of an averaging kernel and Theorem 7, Sec. 1.7, Chap. II, it follows 
that f h (x) 6 C°°(R n ) for any h > 0. Further, f h (x) =0 outside 
Q h ( Q b is the union of balls {j x — x° | < h) taken over all x° £ Q). 

Let us show that if f 6 C (Q), then f h (x) converges to f (x), as 
h 0, uniformly on any strictly interior subregion Q' of Q , Q' <g Q. 

In fact, for sufficiently small h (less than the distance between dQ' 
and dQ) by Properties (b), (c) and (a) of the averaging kernel we 
have, for x £ Q', 

1 /a (*) — /(*) l = | J f(y)<*h(\x—y\)dy—f{x) j co ft (|x — y|)<fy| 

\x-y\<h \x-y\<h 

< max \f(y) — f(x)\ \ «a A (|* — y\)dy= max \f(y) — f(x)\. 

\x-y]<h ,,-Jka 

Therefore, by uniform convergence of f(x) in Q, we obtain 

ll/ft-ZUccQ') - ^ 0 as h ~+°- 

Since for f£C h (Q), with x£Q' and sufficiently small h, 

Dxf h (x)= j f(y)D%a h (\x — y\)dy 
Q 

==( —l) |a| j f{y)Dv®h{\x — y\)dy 
Q 

= j D vf{y)-<*h{\x — y\)dy, |a|<fc, 
Q 

the above assertion implies that 
If / G C h (Q), then for any Q' (fx Q 

|l fh f Wc h (Q’) as 

2. Formulas of Integration by Parts. Suppose that in the region Q 
(the boundary dQ 6 C 1 ) there is defined a ve ctor A(x) = {A^x), . . . 

. . ., A n (x))i whose components A t (x)^ C(Q) fl C 1 (Q), i = 1, ... 

. . ., n. From the Course of Analysis it is known that if the func¬ 
tion div A (x) = ^ is continuous in Q, or even 

integrable over Q , then the following formula, known as Ostrograd- 
skii's formula , holds: 

j div A (x) dx = j A (x) n ( x ) dS , (4) 

Q 0Q 
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where n is the unit vector normal to the boundary dQ and directed 
outwards with respect to Q. 

Let u(x) £ C 2 {Q) f| C 1 (0, v 6 C X (Q), and let the function A u = 
= div (yu) be integrable over Q. Since v Au = u-div (yu) = 
= div (vyu) — S/uyv (yuyv = u x y S c 1 + . . . + u Xn v Xn ), by Ostro- 
gradskii’s formula (4) we have 


| vAu dx — | v dS — j yu Vv dx, 

Q dQ Q 


(5) 


du 

dn 


SQ ‘ 


because V«-ra|aQ = 

If both the functions u and v belong to C 2 (Q) f| C 1 (Q) and the 
functions Au and Au are integrable over Q, then, apart from for¬ 
mula (5), we also have 

j uAvdx— j u4^-dS — j VuVw dx. (5') 

Q dQ Q 

Subtraction of (5') termwise from (5) yields 


j (vAu-uAv)dx= J (v~u-~)dS. 


( 6 ) 


OQ 

Formulas (5) and ( 6 ) are known as Green's formulas. 


§ 2. SPACES OF INTEGRABLE FUNCTIONS 

As shown above, the set of continuous functions in Q is a Banach 
space with the norm max |/(x)|. Nevertheless, it often proves 

*£Q 

convenient to consider on this set integral norms, for example, 
11 / (x) | dx or (j | / (x) | 2 dx) 1 / 2 (it is easy to see that they satisfy 
“Q Q 

all the axioms of a norm). We examine the space with norm 
i | / (x) | dx whose ■ elements are continuous functions in Q. This 
Q 

normed space is incomplete. In fact, from the definition of Lebesgue 
integral it follows that for any function f(x) integrable over Q there 
is a sequence f m {x) of functions continuous in Q which converges to 
f(x) in this norm: \ \ f m (x) — / (x) | dx 0 as m-*~ oo. This 

<3 

means that if we wish to obtain a complete normed (Banach) space 
with the norm ^ | / (x) | dx which would contain all the functions 
Q 
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continuous (or even infinitely differentiable) in Q, we must include 
all those functions which are integrable over Q. But then the func¬ 
tional j | f(x) | dx ceases to be a norm—it does not satisfy the last 

axiom (see Sec. 2.2, Chap. II) of a norm, since \ | f(x) | dx — 0 for 

Q 

all f(x) — 0 a.e. in Q. However, according to Theorem 2, Sec. 1.4, 
Chap. II, \ | f(x) | dx = 0 only for functions f(x) that vanish a.e. 

Q 

in Q. Therefore, for the last axiom of the norm to be satisfied, we 
must identify all the functions that vanish a.e. in Q. For this we 
may consider as the elements of the space either classes of functions 
each of which contains all the functions that are equal a.e. or else, 
equivalently, may introduce a new definition of equality of functions: 
functions are equal if their values coincide almost everywhere. Since 
it is more convenient to operate with functions than with classes of 
functions, in the sequel we shall regard functions equal if their 
values coincide for almost all (not necessarily for all) x in Q. Since 
in such a definition of equality of functions the functions remain un¬ 
changed when their values change arbitrarily on any fixed set of 
measure zero, in this case it is natural to assume that the functions 
are defined almost everywhere. If a function / vanishes almost every¬ 
where, we take it as the zero function. Similarly, if a function 
coincides almost everywhere with an everywhere defined continuous 
function, we regard it as a continuous function, while f is contin¬ 
uously differentiable up to order k if it coincides almost everywhere 
with a function that is everywhere defined and is continuously differ¬ 
entiable up to order k. In accordance with the abovementioned no¬ 
tion of equality, we shall assume that the space C h (Q), k 0, con¬ 
tains also the functions defined almost everywhere in Q and con¬ 
tinuously differentiable up to order k. That is, a function f(x) be¬ 
longs to C k (Q) if it coincides almost everywhere with a function 
which is defined at all points of Q and is continuous in Q together 
with all its derivatives up to order k. Further, by the value of an 
element of the space C(Q) (and, more so, of functions in C h (Q)) at 
some point we shall mean the value at this point of the continuous 
function defined everywhere that coincides with this element almost 
everywhere in Q. 

1. Spaces £ X (Q) and L 2 (Q). Consider the set of complex-valued 
functions that are integrable over Q. Obviously, it is a linear space 
(also in the new sense of equality of functions), and the functional 

l | f(x) | dx satisfies all the axioms of a norm. This linear space 
Q 
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will be denoted by L^Q): 

ii/ik( Q )=(i) 

Q 

The set of complex-valued measurable functions (recall that func¬ 
tions coinciding a. e. are identified) the squares of whose moduli are 
integrable over Q will be denoted by L 2 (Q). Let us demonstrate 
that L 2 (Q) is a linear space. Let c x , c 2 be arbitrary numbers, and 
f x (x ), f z (x) arbitrary functions in L 2 (Q). Since the measurable 
function cj^x) + cj 2 (x) satisfies the inequality | Cj/ X (x) + 
+ cj 2 (x) | 2 < 2 | Cj | 2 | f x (x) | 2 + 2 j c 2 | 2 | f 2 (x) | 2 , by Theorem 5, 
Sec. 1.6, Chap. II, the function J cj^x) + c t f 2 (x) | 2 is integrable, 
which implies that cj^x) + c 2 f 2 (x) £ L 2 (Q). 

The function fi(x) f 2 (x), where fi(x), f 2 (x) £ Z, 2 (0, is integrable, 

because it is measurable and I /i(^) /a(^) | ^ y (| fi( x ) I 2 + 

4- | f 2 {x) | 2 ). Therefore with the pair of functions f x and f 2 one can 
associate the quantity 

(/i. U)l,(Q) = j fi(.x) W)dx. (2) 

Q 

It is easily checked that formula (2) defines a scalar product in 
L 2 (0. The norm generated by this scalar product is of the form 

II(j |/(*)| z dx) in . (3) 

Since | / | = | / | • 1 ^ y (I / | 2 + 1), we find that when the region 

Q is bounded the function f(x) belonging to L 2 (Q) also belongs to 
L 1 (0. This means that L 2 (Q) cz L X {Q) for a bounded region. In 
this case it is also evident that C(Q) cz L 2 (Q) cz L X (Q). 

Theorem 1. L 1 (Q) is a Banach space with norm (1). L 2 (0 is a 
Hilbert space with scalar product (2). 

To prove this theorem, it suffices to establish that the spaces L 1 (Q) 
and L 2 (Q) are complete in the respective norms. 

1. Let the sequence f h , k — 1, 2, . . ., of functions in L X (Q) be 
fundamental in L t ( 0 , that is, for any e > 0 there is a number 

N(e) such that || f h — f m Uluq) <C e for all k, to ^ N(e). Choose 

e = 2~ h for some integer k, and let N h denote the number N(2~ h ) 
such that N h ^ N h + V Then for N h we have 

|| fN h — fm ||l,(Q) < 2 _ \ (4) 

and, in particular, ||/iv ft —/w ft+1 ||l,(Q) < 2 _ft . Hence the series 

oo 

S || — /a\ IIl,(Q) converges. This, in view of Corollary to 

a=i h h+1 


~PiOic. ~Hl.fvttt.fxn4.fvtLC.aJ. ~Ph.y.AicA. 




FUNCTION SPACES 


107 


Sec. 1.6, Chap. II, means that the series ^ (f N — f N ) converges 

h=l h+1 k 

a. e. in Q to a function belonging to L^Q), which, in turn, 
means that the sequence / w , k —1 , 2, ..., converges, as k-+- oo, 
a.e. in Q to a function /£Li(<?) ; 

fN h (x)-^~f{x), k-+ OO. 

We shall show that || f m — / || l^q) —0 as m oo. Indeed, for 
to ^ N r , k ^ r the inequality (4) implies 

| fm — /jvJ|r,,<Q) < ||/m— /n,.||l,(Q) + || flf r ~ fN h Hl,(Q) < 2 • 2~ T = 2 1-r . 

Letting A oo in this inequality, we obtain, by Fatou’s lemma 
(Theorem 4, Sec. 1.6, Chap. II), the inequality || f m — / H n(Q> ^ 
^ 2 1_r which is true for all to N r . For sufficiently large to the 
number r can be chosen large enough, therefore || f m — f || l«q) -+■ 0 
as to -a- oo. Thus the space L t [Q) is complete. 

2. Suppose that the members of the sequence / ft (x), k — 1,2, . . ., 
belong to L 2 ((?) and that the sequence is fundamental in the norm 
L 2 (Q)- As in the proof of the first part of this theorem, a number 
sequence N x ^ N 2 ^ ... Nk ^ • • • can be found such that 

|| fN h — frn ||l 2 (Q) < 2'* (4') 

for all m^N h , and, in particular, || f Nh+1 — fN h ||l 2 <q) < 2 “\ 
An application of Bunyakovskii’s inequality gives 11 fu h+1 — 

- fjv h ||l i( q) < V\Q \II fN h+l — fN h ||l,(Q) < vm 2 " ft ’ therefore there 
is a function f{x)£Li(Q) such that f Nh {x)-+f(x), as k-*-o o, 
a.e. in Q. This means that | /iv h | 2_v l fl z > as k-*~o o, a.e. in Q. 
Furthermore, 

llfir h llL,(Q) < ||/iv ft —/iV, ||l 2 (Q) + || /iVi ||l/ 2 (Q) < y+ll/N.llu.IQ)- 

Hence, by Fatou’s lemma, f(x) £ L 2 {Q). 

Let us show that \\f m — f || Li( q) 0 as to -a- oo. For to ;> N r and 
k^r inequality (4') implies 

II /m — /nJ|i. 2 (Q) < || fm — fN r \\L,(Q)+\\fN r — fN h \lL,(Q) < 2 1_r . 

Letting k oo in this inequality and again using Fatou’s lemma, we 
conclude that || f m — f IUl 2 Q) ^ 2 1_r for all m^N r . And since 
with sufficiently large to, r can be chosen sufficiently large, we obtain 

II fm ~ f II l,(w -*■ 0 as to oo. | 

Remark. We remark that in proving Theorem 1 we have at the 
same time established the following assertion. 
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From every sequence of functions converging to a function f in L X (Q) 
or in L 2 (Q) a subsequence can be chosen that converges to f a.e. 

2. Denseness of the Set C(Q) in L X (Q) and L 2 (Q). Separability 
of L X (Q) and L 2 (Q). Continuity in the Mean of Elements of L X (Q) 
and L 2 (Q). __ 

Theorem 2. The set of functions continuous in Q is everywhere dense 
in L X (Q) and L 2 (Q). 

1. Let f(x) 6 L X (Q). With no loss of generality this function can 
be assumed real-valued and nonnegative. Then by the definition of 
integrability of f(x), there exists a sequence fh(x), k — 1,2, . . 
of functions continuous in Q having the property that f h (x) f f{x) 


a.e. 




k —oo. 


Since j | / — f h | dx = 
Q 


— f (f — fh)dx , it follows that || / — f k ||l,(Q) 0 as k 

Q 


oo, as 


required. 

2. Let f(x) £ L 2 {Q) which is again assumed real-valued and 
nonnegative. Since f(x) £ L X (Q), we can find a monotone nondecreas¬ 
ing sequence f h , k = i, 2, . . ., of functions belonging to C(Q) that 
converges to / a.e. in Q. The functions f h (x) can be additionally 
assumed to be nonnegative, for, if necessary, this sequence can be 
replaced by the sequence /J( x), k = 1, 2, .... But then /h(x)f 
f f(x), as k-y oo, a.e. in Q. By the definition of the integral of 

f(x) jfidx-*- \ f dx, that is, || f h ||i l(Q) -> || / ||1 >(Q) . Since f h f < 
Q Q 

^/ 2 , by Lebesgue’s theorem (Theorem 6 , Sec. 1.7, Chap. II) 
lim (/*, /) Ll( Q) = || / ||i l( Q), which implies that \\f h -f |ll l( Q) = 

= II fh lli,(Q) — 2 (fh, /)l,(Q> + II / lli.,(Q) 0 as k oo. | 

Note that if a sequence of functions in C(Q) converges to a fun¬ 
ction in the norm of C (<?), it also converges to it in the norms of 
L^Q) and L 2 (Q). Consequently, any function continuous in Q can 
be approximated by a sequence of polynomials with rational coeffic¬ 
ients in the norms of L X {Q) and L 2 (Q). Then Theorem 2 implies 
that the countable set of polynomials with rational coefficients is 
everywhere dense in L t {Q) and L 2 (Q). We have the following result. 

Theorem 3. L X {Q) and. L 2 (Q) are separable spaces. 

A function f(x) belonging to L 2 (Q) (and extended outside Q by 
assigning to it the value zero) is called continuous in the mean (square) 
or in the norm of L 2 (Q) if for a given e > 0 a 6 > 0 can be found such 
that || f(x + z) — f(x) ||l, ( q) < e for all z, | z | < 8 . 

A function f(x) belonging to L X (Q) (and extended as being equal to 
zero outside Q) is called continuous in the mean or in the norm of 
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L X (Q) if for a given e > 0 a 8 > 0 can be found such that 

II f(x + z) — f(x) ||li(Q) < 6 for all z, | z | < 6. 

Theorem 2 implies the following result. 

Theorem 4. Any function belonging to L 2 (Q) is continuous in the 

mean (square). Any function belonging to L t (Q) is continuous in the 

mean. 

Proof. Let / 6 L 2 (Q) (the proof is exactly the same when / g 
£ L^Q)). Consider a large number a > 0 so that Q (g: S a , where S a 
is the ball {| x | < a). Since f(x) G L 2 (Q), the function F(x), 
which is equal to f(x) when x 6 Q and vanishes when x 6 S 2a \Q, 
belongs to L 2 (S 2a ). Take an arbitrary e >■ 0. By Theorem 2, there is 
a function F(x) which is continuous in S 2a and satisfies the inequali¬ 
ty || F(x) — F(x) ||x. l( s 2o ) < e/3. By multiplying F(x) by a prop¬ 
erly chosen slicing function for the region S a , it can be assumed 
that F(x) =s 0 for x £ S 2a \S a . Therefore for | z | ^ a, || F(x + z) — 
— F(x + z) llr.,(s,a) = II F(x) — F(x) ||r,, ( s a )_< e/3. Since the 
function F(x) is uniformly continuous in S 2a , there is a 6 > 0 
(6 < a) such that || F(x + z) — F(x) ||x,,(s 2a ) ^ e/3 whenever 
I z | •< 8 . This means that for | z | < 8 

\\)( X + z)-f ( x ) ||l,(Q) = II F (x + Z) - F ( x) Ik<s 2a ) 

< || F (x + z) — F (x + z) |k t( s 2a ) +1| T (x + z) — F (x) ||L l( s 2a > 

-H|?(x)- J F(x)|| Lt(Sjo) <i-f-f+| = s. | 

3. Averaging of Functions Belonging to L t (Q) and L 2 (Q). As in 
the case of functions belonging to C(Q), averaging functions can 
also be defined for functions belonging to L X (Q) and L 2 (Q). 

Let o) ft (| x — y \) be some averaging kernel (Chap. I, Introduc¬ 
tion), and let f(x) £ Lj((>). The function 

fh(x)= j f(y)(o h (\x — y\)dy, h> 0, (5) 

Q 

is called the average function for the function f ( averaging function 
for /). 

By the Property (a) of an averaging kernel and Theorem 7, Sec. 1.7, 
Chap. II, f h (x) £ C°°(R n ) for h > 0. Further, f h (x) = 0 beyond Q h . 

Theorem 5. If f(x) g L^Q) ( L 2 (Q )), then \\f h — f ||z, t( Q) 0 

(ll/h-/ IIl,w) — 0 ) as h^ 0 . 

Proof. Both the assertions are proved exactly in the same way, 
therefore we examine, for example, the case when / 6 L 2 (Q). The 
function / is assumed extended outside Q by assigning to it the value 
zero. Successive applications of Properties (b) and (c) of an averag- 
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ing kernel, Bunyakovskii’s inequality and Property (d) of the 
averaging kernel yield 

!/*(*) — /(*) I 2 

= j 1{y)^h(\x — y\)dy — Hx) j — y\)dy 

\x-v\ <h \x-y\<h 

< J — y\)dy J \f(y)~ f(x)\*dy 

l*-y|<h \x-v\<h 

<-^r- j |/(« + *) — /(*) \*dz. 
|2|<ft 

By the Corollary of Fubini’s theorem (Sec. 1.11, Chap. II) 

ii h-i iiL(Q) ^ ^ 5 dx J \f ( x + z ')~/<*) i 2dx 

Q ld<h 

= _crast^ J dz ^ \f(x + z) — f(x)\*dx. (6) 

\z\<h Q 

Take any e > 0. By the theorem on continuity in the mean (Theo¬ 
rem 4), a 8 > 0 can be found such that || f(x + z) — f(x) ||l,(Q) < 
< s whenever | z | ^ h <C 6 . Therefore for such h the inequality ( 6 ) 
implies ||? ft — / ||l,«j) < const-e. | 

Remark. It should be noted that the proof of Theorem 5 nowhere 
uses the fact that the averaging kernel is nonnegative. Consequently, 
if the averaging function fh(x) for f(x) is defined by the formula (5), 

where © h (| x — y |) = ^ ( 0 i( * a ~ g| ) and co^i), — oo < t < oo, 
is an infinitely differentiable even function that vanishes for | t | >- 1 
and is such that j © x (| x |) dx = 1 (compare with the definition of 

the averaging kernel given in Introduction, Chap. I), then Theorem 5 
remains valid in this case also. 

Theorem 6 . The set C°°(Q) is everywhere dense in L x (Q) and in 

L, (Q). 

Proof. Let f(x) 6 L 2 (Q) (the case / 6 L X {Q) is disposed of similar¬ 
ly), and fix any e > 0. By the theorem on absolute continuity of a 
Lebesgue integral (Theorem 9, Sec. 1.10, Chap. II), there is a 6 > 0 

such that f | / | 2 dx < e 2 /4. This means that the function F(x) 

q\q 6 

with compact support in Q which belongs to L 2 (Q) and equals f(x) 
when x £ Q 6 and vanishes when x 6 Q\Qii satisfies the inequality 
|| F — / ||i,,(Q) < e/2. By Theorem 5, a h 0 > 0 can be found such 
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that || F h — F IIl x (Q) ^ e/2 for all 0 <C h ^ h 0 . The averaging 
function F h for the function F with compact support belongs to 

C°°(Q) for sufficiently small h and 

||/ — F/iIIlm) < II/ — -^flL.cQi + ll-f — Fh ||l,(Q) <y+y = e. | 

Since for any k ^ 0 C°°(Q) a C h (Q) a L 2 (Q), it] follows that 

for all k 0 C h (Q) are everywhere dense in L 2 (Q).\ 

4. Linear Spaces L lAoc , L 2floc . The set of functions that are 
integrable over any strictly interior subregion Q' of Q, Q' (g Q, are 
denoted by L lil0C (Q). 

The set of functions that are measurable in Q and the squares of 
whose moduli are integrable over any strictly interior subregion Q' 
of Q, Q' <g Q, is denoted by Z- 2 , i 0C (Q). 

It is clear that L h \ 0 c(Q) and L 2 , i oc ((?) are linear spaces. Further, 

Li(Q) <= L u ioc(<?) and L 2 (Q) cz Z, 2i loc (<?)- The function j x|)m , 

for example, belongs to Z/j.iocO x | < 1 ) and L 2 , i oc (| x | < 1 ) 
for any m, and at the same time it belongs to L x (| x | <c 1) only 
when m < 1 and to L 2 (| x | < 1 ) only when m < 1/2. 


§ 3. GENERALIZED DERIVATIVES 

1. Simplest Properties of Generalized Derivatives. Suppose that a 
continuous function f(x) in Q has continuous derivative f x .(x) in Q. 

Then for any function g(x) £ C 1 (Q) 

j fgx t dx = — j /x.g dx. 

Q Q 

It turns out that the derivative f x . of / is completely determined 
by the last equality: it can be easily shown that if for a continuous 
function f(x) there exists a continuous function h t (x) such that 

| fg x .dx = — \ higdx ( 1 ) 

Q Q 

• _ 

for any g(x) 6 £*((?)> then the function f(x) has in Q the derivative 
f x . and f Xi — h t for all x ^Q. Thus by means of identity (1) a defini¬ 
tion of the derivative of f(x) can be given that is equivalent (in the 
class of continuous functions) to the usual definition. If in (1) the 
continuity condition of f(x) and h^x) is dropped and instead it is 
required that they be integrable or their squares be integrable (the 
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latter is more convenient for us) and the integrals in ( 1 ) are under¬ 
stood in Lebesgue sense, then we enlarge the class of functions for 
which the notion of derivative can be introduced; the function hi is 
■called the generalized derivative of / with respect to x t in Q. 

Let a — (aj, . . a n ) be a vector with nonnegative integral 
components. A function /“(a:) £ L 2 , ioc(Q) is called ath general¬ 
ized derivative ( g.d.) in Q of a function f(x) £ L 2 , ioc(<?) if 

f(x) D a g ( x) dx — — (1)1*1 j f a (x) g ( x) dx (2) 

Q 

for any g(x) £ C >“!((?). 

We shall first show that a function f(x) can have only one g.d. 
/“(x) (recall that functions are considered equal if they coincide a.e.). 

In fact, let /®(x) and /®(x) be two g.d. of f(x). For an arbitrarily 
fixed subregion Q ', Q' <g; Q, and an arbitrary function g(x) £ 

£ CW{Q') the identity (2) yields j (ff — /“) g dx — 0. But 

O' 

/? — G £*((?'), therefore, by Theorem 6 , Subsec. 3 of the previous 
section, ff — /£ = 0 a.e. in Q' , which means that this holds a.e. 
also in Q. 

• __ 

Let f{x) £ C< ol (0. By Ostrogradskii’s formula we have 

j f(x) EFg (x) dx — (— I )'® 1 j D a f(x) g ( x ) dx (3) 

Q Q 

for any g(x) £ CW(Q). That is, the function f(x) has g.d. /®(x) 
equal to D a f(x). In particular, the function /(x) which is equal to a 
constant (a.e.) in has each g.d. /“(x) = 0, | a | > 0. 

In the sequel g.d. /“ of a function / will be denoted by D a f. The 
generalized derivatives, primarily the first-and second-order deri¬ 
vatives, will also be denoted by /*,, f HX} , ... and - , ... . 

Since for smooth functions g(x) the derivative —- a — g - ■ does not 

’ dx? t ...dx%n 

depend on the order of differentiation, it follows from the uniqueness 
of a generalized derivative and formula ( 2 ) that a generalized deriv¬ 
ative also does not depend on the order of differentiation. 

The definition of g.d. also implies that if the functions f t (x), i — 
= 1 , 2 , have g.d. D a fi, then the function c 1 f 1 cff 2 , with any con¬ 
stants C;, has g.d. D a (cff x + cff 2 ) = c 1 D a f 1 + c 2 Z)®/ 2 . 

Example 1. The function f(x) — | x x | has in the ball Q = 
== { | x | ■< 1 ) first generalized derivatives f x = sign x x , f Xi — 0, 
i = 2 , . . ., n. 
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In fact, for any g(x) £ C 1 (Q) 


j | an I g Xl dx=^ x x g Xl dx—^ x x g Xl dx, 
Q Q+ Q~ 


where Q + = Q f) (an > 0), Q~ — Q (1 ( x \ < 0). Applying Ostrograd- 
skii’s formula, we have (x x g = 0 on dQ and also for x x — 0) 

\ |*i | g Xi dx= — j gdx + J g dx — — j signa : x -gdx. 

Q Q + Q~ Q 


Therefore g.d. with respect to x x of the function | x x | exists and is 
equal to the function sign x x . Since for i 2 


j \x x \g Xi dx = j (| x i \g) x .dx = 0 — 
Q Q 



0 -g dx, 


the function | x x | has generalized derivatives with respect to x t , i = 
= 2, . . ., n, equal to zero. 

Note that the function | x x | has no classical derivative with re¬ 
spect to x x in Q (the derivative does not exist for x x = 0). 

Example 2. The function f(x) — sign x x has in the ball Q — 
= {I * | < 1} first generalized derivatives f x = 0, i = 2, . . ., n, 
but has no generalized derivative / Kj . The existence of g.d. /*., i = 
= 2, is established in the same manner as in Example 1. 

Let us show that / has no g.d. with respect to x x . Suppose, on the 
contrary, that there is a function co £ !/2,ioc(0 which is a general¬ 
ized derivative of / with respect to x x . Then for any g(x) 6 C 1 (Q) 



(sign x x ) g Xl dx = 


— j gx,dx+ j g Xl dx 
q+ q- 

= 2 l( g dx 2 ... dx n . (4) 

Qn<*i=o> 


This equality, first of all, implies that co = 0 (a.e.) in Q. In fact, 
substituting in (4) an arbitrary g(x) £ C 1 (Q ) vanishing in Q~, we 
have j cog dx = 0, which implies that co — 0 (a.e.) in Q + . Analog- 
Q+ 

ously, it can be shown that co = 0 (a.e.) in Q~. Accordingly, for any 
g(x) 6 C' 1 (0, j cog dx = 0, that is, j g (x) dx 2 . . . dx n = 0, but 

q Qn{*.=o> . _ 

this cannot hold for an arbitrary function g(x) 6 C 1 (Q). 

In contrast to the corresponding classical derivative, the general¬ 
ized derivative!) 01 / is defined by (2) globally, at once in all of Q. 

8-0594 
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However, in every subregion Q' a Q also the function D a f will be 

g.d. of the function /, since the function g{x), belonging to 

and extended outside Q' by assigning to it the value zero, belongs to 

C^{Q) (this property was, in fact, used while proving the unique¬ 
ness of a g.d.). Therefore if / ( x) has in Q g.d. D a f and f(x) = c (a.e.) 
in Q' a Q, then D“f = 0 (a.e.) in Q'. In particular, g.d. (if it exists) 
of a function f(x) having compact support in Q (that is, for some 
Q ", Q” (g Q, f(x) = 0 a.e. in Q\Q") has compact support in Q, 
and therefore belongs to L%(Q). 

Suppose that the function f(x) belonging to L 2 ,\oc{Q) has g.d. 
Daf — p an d the function F{x) has g.d. D$F = G. Then there 
exists g.d. Z>“+P/ and D a+ &f = G. 

Indeed, suppose g(x) 6 Cl“+Pl(0. Since D$g 6 O a \(Q), we 
have 

j fD^+?gdx = (- l)l«l j D a fIWgdx 

Q Q 

= ( —1) N J F5Pi"^ = (-l) |a,+lPI j D$F~g dx = (— 1)I«+PI j* Gg dx, 
Q Q Q 

as required. 

In contrast to the classical derivative, the generalized derivative 
D a f is defined at once for order | a | without assuming the existence 
of corresponding derivatives of lower orders. Let us show that the 
derivatives of lower orders may not, in fact, exist. 

Example 3. In the ball Q = (| x | < 1} consider the function 
f(x) = rp^j) 4- tp(a; 2 ), where cp(aq) = sign x y . The results of 

Example 2 show that f(x) has no generalized derivatives f Xl and f Xl . 
Nevertheless, we shall now show that the generalized derivative 

fx x x 2 exists. Taking an arbitrary g(x) £ C 2 (Q), we have 


J gxixj dx — j <p(^i )gx iX ,dx+ j <p (x 2 ) g XlX ,dx. 


Since 


j <P(ah )gx t x i dx=— j g Xl x,dx+ j g XiXt dx = 

Q QD{*i<0> Qm*.>0> 

and, similarly, j <p (x 2 ) g x , x , dx — 0, it follows that 


j fgx lXi dx = 0= j 0-gdx. 


Q Q 

Thus the generalized derivative f XlXt exists and is equal to zero. 
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2. Generalized Derivatives and Averaging Functions. A Criterion 
for the Existence of Generalized Derivatives. Let f(x) £ L 2 (Q), 
and ©ft be some averaging kernel, and let 

f h (x) = j coftfl x — y |) f(y)dy, h> 0, 

Q 

be the averaging function for the function f(x), fh(x) 6 C°°(R n ). 

Lemma 1. If the function f(x) 6 L 2 {Q) has a generalized deriva¬ 
tive D a f 6 L 2 (Q), then for any point y d Q 

(D a f) h (y) = D«f h (y) (5) 

with sufficiently small h > 0, and for any subregion Q' <g Q 

|| D a f h — Z)“/ ||l,(Q') -> 0 ( 6) 

as h -a- 0. 

If in addition to the above, the function f(x) has compact support in 
Q (and is extended outside Q by assigning to it the value zero), then 
formula (5) holds for all y £ Q for sufficiently small h > 0, and 

\\D*f h -D*f\\u Q) -+0 as h-+0. (7) 

Proof. Taking in (2) for g(x) the averaging kernel <a h ( \ x — y |), 
y d Q, with sufficiently small h > 0 (h is less than the distance be¬ 
tween y and the boundary dQ) and applying Theorem 7, Sec. 1.7, 
Chap. II, we obtain formula (5) 

(D*f)h (</) = (-l) |a| J {\x-y\)dx 

« , 

= J f(x) (\x—y\)dx = Dyf h (y ). 

Q 

If Q' <gr <?, there exists a h 0 > 0 such that when h ^h 0 formula (5) 
holds for all y d Q'. If f(x) has compact support (in this case D a f 
also has compact support and belongs to L 2 (Q)), again there is a 
h 0 > 0 such that when h^f.h 0 formula (5) holds for all y dQ. There¬ 
fore relations (6) and (7) follow from Theorem 5, Sec. 2.3. 

Corollary. If all the first-order g.d. of a function f are zero, then 
f = const. 

In fact, in a subregion Q' dfz Q (f x .) h = 0, i = 1, . . ., n, for 
sufficiently small h. By (5), ( f h ) x . = 0, i = 1, . . ., n, that is, 
/ft = const = c (h) in Q' for such h. Since \\f h — f ||l 2 (Q') = 
= || c(h) — / ||lj(Q') —>- 0 as h —+- 0 (Theorem 5, Sec. 2.3), it follows that 
II c (h t ) — c (h 2 ) || L2( q>) = 1 c (hf) — c (h 2 ) \V\Q' I ->• 0_ as h x , h 2 -> 
-*■ 0. Consequently, c(h) = f h converges uniformly in Q' (and more 
so in L 2 (Q')) to some constant, that is, / = const, in Q', and there¬ 
fore also in Q. 

8 * 
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By means of Lemma 1 the following criterion for the existence of 
generalized derivative of / 6 L 2 (0 is established. 

Theorem 1. For the existence of g.d. D a f of a function f £ L 2 (Q) it 
is necessary and sufficient that for any subregion Q' (g; Q there exist 
constants C(Q') and h 0 (Q') such that || D a f h |[x. 2 (Q') ^ C^) for 
all h < h 0 ( Q '). 

Proof. The necessity has been proved in Lemma 1. 

Sufficiency. Consider a system of regions Q 1 <g: Q 2 <g= ... (E 
(E Qm d . . . <£= Q such that any point x £ Q belongs to some 0 
(and therefore to all Qj, j > i). Since for h < h 0 (0) || D a f h ||l 2 (Q0 =5= 
< C(0), the set {D a fh} is weakly compact for such h (Theo¬ 
rem 3, Sec. 3.8, Chap. II). Therefore a sequence of values of h, 
h lt lt . . ., h lt h , l 0 as k—y oo, can be found such that the 
sequence of functions D a f ,, h , k — 1,2, . . ., converges weakly in 
L 2 (0). Similarly, from the sequence h lt h , k = 1, 2, . . ., one may 
choose a subsequence h 2 , h , k = 1 , 2, ... such that the sequence of 
functions D a f hi h , k — 1, 2, . . ., converges weakly in L 2 (0); 
and the weak limit of this sequence in 0 coincides, of course, with 
the weak limit of the sequence D a f hly h , k = 1, 2, . . ., and so forth. 
The diagonal sequence D a fh h h , k = 1, 2, . . ., converges weakly to 
some function (o(x) £ L 2 . ] OC (0 in the space L 2 (0) for any i = 
= 1,2, .... Then for any Q' g: Q D a f h converges weakly to (o 
in 0(0). 

Consider an arbitrary function g £ C |oc| (0, and let 0 be the 
region beyond which g(x) — 0, 0 <g= 0 For all k — 1,2, . . ., we 
have 

5 Da K' h S dx= = (~l) m J f h h,h Da Z dx ’ 

Q Q 

where the integration is, in fact, not over entire Q but over 0. Since 
the sequence D a f hh k , k — 1, 2, . . ., converges weakly in 0 (0) to 
the function © and the sequence f hh h , k = 1, 2, . . ., converges 
strongly (and therefore also weakly) to the function /, we may pass 
to the limit as k —v oo in the last identity: 

j cog dx — (— l)!“l j fD a g dx. 

Q Q 

This means that / has generalized derivative Z>“/ equal to the func¬ 
tion (D. | 

3. Existence of Generalized Derivative in the Union of Regions. 
As noted in Subsec. 1, if D a f is g.d. of a function / in Q , then it is 
g.d. of this function in any subregion 0 a Q also. In the present 
subsection we shall prove the following assertion. 
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be the ball of 
x — y I, P2 = 
; Q x , while if 
Q 2 and 


Theorem 2. If a function f has g.d. D a f in regions Q x and Q 2 and 
if <2i U <?2 = Q i s a ^ s0 a region (that is, a connected set), then g.d. 
D a f exists in Q. 

Proof. Take an arbitrary point x £ Q. Let S p (x) 
radius p > 0 with centre at x, and let p x = min 

= min I X — y \. If x 6 Q{\Q 2 , then S Pl/2 (x) a 
v£8Q, 

x 6 Q 2 \Qi, then S Pt/2 (x) (S Q 2 , however, if x 6 Q x f| 
p = min (pi, p 2 ), then *S p/2 (x) (g Q x and S p/2 (x) (g (22- 

Let all the points of Q be divided into two classes: the first class 
contains all the points of Q X \Q 2 and those points of <2* f| Qz for 
which Pi < p 2 , p = pi, and the second class contains the remaining 
points, that is, all the points of Q 2 \Qi as well as those points of 
<2i H <?2 for which p 2 ^ Pl , p = p 2 . 

In this way, Q is covered by the balls S p/2 (x): if x belongs to the 
first class, then p = p*, and if x belongs to the second class, then 
P = P2- 

Let Q' be any strictly interior subregion of Q, Q' (£5 Q. From the 
cover of <2' by the balls S p / 2 (x) one can choose a finite subcover. 
A part of the balls of this subcover having centres at the points of 
the first class constitutes an open set Q[ (jr Q x , while the remaining 
ones constitute an open set Q 2 <§= Q 2 . Thus for Q' there are two open 
sets Q\ and Q' 2 having the following properties: (a) Q[, i = 1, 2, is 
the sum of a finite number of balls, (b) Q' belongs to the region 
<21 U Q'z and <2i <§= Qi, Q' 2 C Q 2 • Since g.d. D a f exists in <2i and Q 2 , 
by Theorem 1 there are constants C(Q\), C(Q 2 ), A 0 (<2!) and hoiQd 
such that for h < h 0 = min (fe o (<20. h 0 (Q' 2 )), || D a f h < 

< C{Q\), II D a f h < C{Q 2 ), where f h is the averaging’ func¬ 

tion for / in <2- Hence 

I! D a f h IIL(Q') < II D a fh ||£,«;> + II D°f h ||£ fWi ) < Cl (<?;) 

+ ci (Q 2 ) = c 2 (<2') 

for all h<h 0 . Therefore, by Theorem 1, the function / has g.d. 
D a f of ath order in Q that coincides, of course, with D a f in Q x and 

<22- I 

4. A Connection Between Generalized Derivatives and Finite- 
Difference Ratios. Let f(x) have compact support in Q and belong 
to L 2 (Q). We extend this function outside Q by assigning to it the 
value zero and consider for h 0 the difference ratio 


Kf(x) = 


_ / ( J n ---i^fe-i. %n ---i x n) f ( x ) 


( 8 ) 


k = 1, . . ., n. Clearly, for all h 0, &hf(x) £ L 2 (Q). If the func¬ 
tion g(x) 6 L 2 (Q) (and is extended as being equal to zero outside 
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Q), then for sufficiently small | h | (less than the distance between 
the boundaries of Q and Q', outside which / — 0) the formula of 
“integration by parts” holds: 

(&hf, g)u(Q) 

= -|-j •••> x h-u *k + h, x h+l , x n ) — f(x))g(x)dx 

Q 

~ ~jp ^ f{x){g{x i, >. #, Xfi •••» Xn) g(x)) dx 

Q 

= —(/» S-hg)L,(Q) (9) 

Theorem 3. Let the function f(x) with compact support in Q belong 
to L t (Q). 

(a) If g.d. f Xh exists for some k = 1, . . n, then for all sufficient¬ 
ly small | h |, h =f= 0, || 6*/ || Lj CQ) < || f Xh Hl^q) and 


\\tif-f Xk \\L M) ^0 as h-»0. ( 10 ) 


(b) If there is a constant C > 0 such that for all sufficiently small 
| h |, h 0, || 6 £/ ||l, <q) ^ C, then the function f has g.d. f Xh in Q, 
and the inequality || f Xk Hl,(Q) ^ C as well as relation (10) hold. 

Proof of (a). Suppose first /£ C l (Q). With no loss of generality 

*n+ h 

one can take k = n. Then 6hf — -j j where, as usual, 

x n 

x' = (x t , x n -i). Therefore (suppose h>0, for definiteness) 


l®WP<-sr( J 


df (*', In) 




j 


r df(x j n ) 2 
din 


din, 


whence it follows that 

-foo -foo x n~^^ 

j IShf(x)l 2 dx n ^: ~ j dx n j | 


df(x', In) 


-foo I 


«ln 


dl 


-l 


df(x'. x n ) 
dx n 


dx n . 


Integration with respect to x' £ R n -i yields 


|| Kf I|l,(Q)<||/*„ IImq)- 


(ll) 
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Further, 


ac„+h 


w-/*„(*) =4 j a/( :; ln) - d\ n - df{x) 


din ” = “ to„ 

x„+h 


_ 1 f / d/(P, £ n ) d/(z', In) \ j* 

h J l 5g n to„ y a§n - 


Hence 
+°° 


J {b n h f{x)-U n {x)fdx n 

-r°° x n 

f &n f | «/(*', En) df(x',x n ) 

h J J 


«En 

h +oo 






= 4 .fM( ton 

0 — oo 

Integrating with respect to x'£R n - t , we have 


Sf(x', g n -f T]) df(x', x n ) \2 


%T*) 


It 


df(.x', *n + T)) 5 /(l%ln) \2 


ton 


to„ 


) <te. (12) 


Inequalities (11) and (12) established for the time being only for 

functions / £ C J (0 are also true for functions in L 2 (Q) having com¬ 
pact support and g.d. f x in Q. To show this, it suffices to approxi¬ 
mate f(x) by its averaging function with a sufficiently small aver¬ 
aging radius p, use for this last function inequalities (11) and (12) 
(the averaging function has compact support in Q) and then take 
the limit as p -*■ 0. 

Thus the first inequality in (a), coinciding with (11), is proved. 

To prove relation (10), we apply the theorem on continuity in the 
mean (square) of functions belonging to L 2 (Q) (Theorem 4, Sec. 2.2), 
which implies that for a given e > 0 a 8 — 6(e) can be found such 
that 


( df(x x n + r]) 

df{x', x n ) 

\ dx n 

to n 


j 2 dx-^e 2 


whenever | i] | ^ | h | 6. Therefore (12) yields the inequality 

£ ,<Q) g2 whenever | h | ^ 6. This proves Propo¬ 
sition (a). 

Proof of ( b ). By Theorem 3, Sec. 3.8, Chap. II, the set {6^/} with 
small | h | is weakly compact in L 2 (Q). Accordingly, a sequence 
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6 h p f, p — 1,2, . . h p —► 0 as p —>- oo, can be chosen that con¬ 
verges weakly to some function co 6 L 2 (Q)\ moreover, || © || il( Q) ^ C. 
Further, in view of (9), (8 h hp f, g) Ll (Q) = — (/, for any 

g(x) 6 C l (Q). When p oo, the left side of this identity tends to 
(©, g) and the right side, by Lebesgue theorem, to —(/, g Kft ). There¬ 
fore g.d. f Xh exists and f Xh — co. |jj 

In the sequel the following proposition will also be used. 

Let Q be a simply connected region in R n which contains the ori¬ 
gin and is symmetrical with respect to the plane x n = 0 (that is, 
if x — (x', x n ) belongs to Q, then (x', —x n ) also belongs to Q ), and 
let 6 > 0 be a small number so that Qc, is a region. We denote 

q + = q n {*» > o}, <?- = <? n < o}, 

+ = Qt fl {*» > 0}. 

Theorem 4. Let f(x) £ L 2 (Q + ) and f{x) — 0 in <? + \(<?d) + - 

(a) If for some k < n g.d. f x exists in Q + , then for all sufficiently 
small | h |, h =/= 0 , 

II fih/l|r.,(Q+)<|| /*J|l,<Q+) 

and 

||S£/-/*J|l 2 (q +) -*0 as h-+ 0. (10') 

(b) If there is a constant C > 0 such that for all sufficiently small 
| h |, h =/= 0, || 6 nf IIl,(Q+)-<C, k < n, then g.d. exists in Q + , 
and || f x ||l 2 (Q+) ^ C and relation (10') holds. 

In Q we define a function F(x) as follows: F(x) = f{x) in Q + and 
F(x) = / (#', — x n ) in Q~. Clearly, F £ L 2 {Q) and F(x) = 0 outside 
(?«• Moreover, || 6hF||l s(Q) = 2 || 6 h h f ||£ t(Q +), k < n, 0 < | h | < 6. 

Proof of (a). Suppose that the function / has g.d. /* in Q + . We 
shall first show that the function F has g.d. F Xh in Q. In fact, con¬ 
sider an arbitrary function g(x) £ C\Q) and with any 6 > 0 the 
even function lc,(x n ) £ CM— oo, + co), £a(— x n ) = £a(x n ), sat¬ 
isfying the inequality | £a(.z n ) | ^ 1 for all x n , and equal to 1 
when x n 8 and to zero when 0 ^ x n ^ 8/2. 

The equality 

j F(x) gx h {x) £ 6 (x n ) dx 

= j f(x) gx h (x) £ 6 (x n ) dx + j f{x', —x n )g Xh {x)U{x n )dx 
Q* Q- 

= j fix) a^-(U^n) [g(x', *«) + ?(*', —*«)]) dx 

Q* 
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m 


and definition of g.d. of / in Q + (the function £a(z n ) (g(x', x n ) -)- 
+ g(x', —x n )) 6 C 1 ^ 4 )) imply 

j F ( x ) gx h (x) (x n ) dx 
Q 

= — j fx k {x) U(x n ) {g(x', x n ) + g(x', —X n )) dx 
Q* 

= — j fx h (x', X n ) l(,(x n ) g{x) dx — j fx h (x’, —x n ) £ 6 (z n ) g(x) dx. 

Q + Q~ 

Letting here 6->0, by Lebesgue theorem we find that the func¬ 
tion which is equal to fx k {x) in Q + and to fx h {x', —x n ) in Q~ 
is g.d. F Xk in Q of F, and || E*J|i 2((?) = 21| /*Jl 2 (q + ). 

By Theorem 3, || ShF ||l 2( q)<|| F Xk ||r. t «}), therefore j| 6*/ ||! l(Q+) = 

= Tll«^l|i.(Q)<TII ^J|i,W) = ll/*JktQ*)- Since ll«^-^ k ||l.(® = 

= tII 6 ^“/*JIW) and II $> F — Fx k ||l 2 (Q) —*■ 0 as A->0, we find 
that || 6^/— f Xh ||i,,(Q+)-v0 as h-*-0. This proves Proposition (a). 

Proof of (b). Suppose that || , k < n, for all suf¬ 

ficiently small | h |, h =/= 0. Then for all such h || 6 h,F Wlm) ^ 
^2 -C 2 . By Theorem 3, g.d. F Xh exists in Q and || F Xh IIL(Q) ^ 
^ 2-C 2 , which means that g.d. f x exists in Q + and || f Xh ||l 2 (q+) C 
< C 2 and (10') holds. | 


§ 4. SPACES H\Q) 

1. Linear Space H • Hilbert Space H h (Q). The set of func¬ 
tions belonging to L 2i ioc(<?) and having all generalized derivatives 
up to order k, k >■ 1, (belonging to L 2 ,ioc(Q)) will be denoted by 
Hl c (Q). By H h (Q) we shall denote a subset of Hi 0C (Q) whose ele¬ 
ments belong to L 2 (Q) together with all the generalized derivatives 
up to order k. When k = 0, H\ 0C {Q) and H h {Q) will mean L 2 , ioc(<?) 
and L 2 (Q), respectively: H° i0C {Q) = L 2 ,i 0 c(<?), H°(Q) = L 2 (Q). 

It is clear that H\ 0C (Q) and H h (Q) are linear spaces. Let us show 
that H h (Q) is a Hilbert space with the scalar product 

(/>SW)= s J D«fD a gdx. (1> 

IctlsSfc Q 
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To demonstrate this, it is enough to prove that H k (Q) is complete 
in the norm 

I|/IIh*(Q)= l/ 2 j '\D a f\ 2 dx, (2) 

' lal^ft Q 

generated by scalar product (1). 

Let f m , m = 1,2, . . be a sequence of elements of H k (Q) that 
is fundamental in the norm (2): 

Ilfs — /m||Hfc (Q) = 2 \ \ D<X fs — D a f m \ z dx-+0 as m, s->oo. 

|a|Sft Q 

Then for any a, | a | ^ k, when m, s-+ 00 

j \D*f s -D a f m \*dx-+0, (3) 

Q 

and, in particular (when a = 0), 

j |/ s — f m \ 2 dx-+0. (4) 

Q 

Since L 2 (Q) is complete, (4) implies the existence of a function 
/ £ L 2 (Q) to which the sequence / m , m — 1,2, . . ., converges (in 
L 2 (Q)), and (3) implies the existence, for any a, | a | k, of a 
function /“ £ L 2 (Q) to which the sequence D a f m , m — 1, 2, . . ., 
converges (in L 2 (Q)). 

Since each of the functions f m (x) has all generalized derivatives 
up to order k belonging to L 2 (Q), it follows that for any a, | a | ^ k, 

(fm, D a g) LM) = ( - l) la| (Z)“/ m , g) LM) 

for any g 6 C h (Q). Letting m -a- 00 in this identity (strong conver¬ 
gence implies weak convergence), we find that the function /“ is 

ath g.d. of /. So / 6 H h (Q) and \\f m — f IIhNq) -> 0 as m->oo, 
which proves the statement. 

Remark. Sometimes it becomes convenient to consider the set of 
all real-valued functions belonging to H h (Q), k = 0, 1, . . . 
( H°(Q ) = L 2 (Q)). This set is, of course, a (real) Hilbert space with 
the scalar product (1). It will be referred to as the real H h (Q) 
space and the same notation will be used for it. 

Let us note some of the properties of spaces H h (Q). 

1. If the region Q' cz Q and / 6 H h (Q), then / £ H h (Q'). 

2. If / 6 [H h (Q) and a(x) £ C h (Q), then af £ H h (Q). In this case 
any generalized derivative D a (af), \ a | ^ k, is computed accord- 
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ing to the usual rule of differentiating the product of functions. 
In particular, (af) x . = a x .f + af x ., i = 1, . . n. 

3. If / 6 H k {Q ) and fh( x ) is the averaging function for /, then 

for any subregion Q ', Q' (^Q, || f h — f -> 0 as h -» 0. If, in 

addition, the function / has compact support in Q , then 
II fh — f Iln^Q) o as h ->- 0. 

4. If / 6 H h (Q) and has compact support in Q, then a function 
equal to / in Q and to zero outside Q belongs to H h (Q') for any 
<?', Q' zd Q. 

Properties 1-4 are a direct consequence of the definition of spaces 
H h {Q ) and the properties of generalized derivatives. 

5. Let the transformation y — y(x) (y, : — y^x^ . . ., x n ), i = 
= 1, . . ., n) map one-to-one the region Q onto the region Q, and 
let x = x(y) (x t = Xi(y t , . . ., y n ), i = 1, . . ., n) be the corres¬ 
ponding inverse transformation. Suppose that for some k> 1 
yt(x) g C h (Q), x t (y) £ C k (Q), i — 1, . . ., n. Then in order that 
the function F{x) = f(y(x)), where f(y) is a function defined in 
Q, may belong to the space H h (Q) it is necessary and sufficient that 
f(y) should belong to H h {Q). Derivatives of F(x ) are calculated 
according to the usual rule of differentiating a composite function. 
For example, the first derivatives are given by the formulas 

n , , , 

*■«,(*) = 2 Wy(*)) ■ * =1 » ( 5 ) 

i=i 


Moreover, there are constants C x and C 2 depending on functions 
y t (x), i = 1, . . ., n, such that (a) || F < C 1 || f \\ H h (ay 

(h) || / lljjfe(Q) ^ ^2 II Hji h (Q)- 

The inverse transformation x = x(y) satisfies the same conditions 
as the transformation y — y(x), therefore we confine our proof to 
the sufficiency part and the inequality (a). 

Let k = 1, and f(y)^H i ( Q). By Remark to Theorem 8, Sec. 1.8, 


X-^r, i = l, ..., n, belong to L 2 (Q). If f h {y) is the averaging 


Chap. II, the function F(x) and the functions F t (x) = V fvj{y{x)) X 

3=1 

dyj 

dxi 

function for f(y), then the function F(h, x) = fh(y (x)) belongs 
to Cm and i= 1, .... n. 

3=1 

Let the subregion Q' (g: Q and Q' be its image, then Q' (§5 Q. 
Since, as h 0, || f h — f |! i2(Q) -a- 0 and || f hy . — f y . || Ll(Q ,) 0, 
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i = 1, . . n, by Remark to Theorem 8, Sec. 1.8, Chap. II, 
|| F(h, x) — F(x) |'l 2 (Q> 0 and || F x .i(h, x) — F t (x) || L , ((30 ->- 
-*■ 0, i = 1, . . ., n, as h -*• 0, for any Q' (£= Q. This means that 
in the equalities (F(h, x), g x .(x)) LM) = — (F x .(h, x), g(x)) L , (Q) , 

i = 1, . . ., n , where g is any function in C l (Q) (Q' is chosen so 
that g = 0 in Q\Q') one can pass to the limit as h —v 0: 
(F, gx^LziQ) = — ( Ft , g)hM)- Therefore F has all the first gener¬ 
alized derivatives belonging to L 2 (Q), that is, F belongs to H 1 (Q); 
the relations (5) hold, and therefore inequality (a) also holds when 
k = 1. 

Suppose now k — 2. We have already proved that F(x) £ H X (Q) 
and formulas (5) hold. By Property 2, the right-hand sides of (5), 
being the function of y, belong to Then the functions F Xi (x) 

also belong to H 1 (Q). Consequently, F £ H 2 (Q) and inequality (a) 
holds for k — 2. Regarding third derivatives as the derivatives of 
second derivatives and so forth, we see that the assertion is true for 
any k. 

The following property will be used in Subsec. 2. 

6. If the region Q is a rectangular parallelepiped, then C°°(Q) 
(and hence C h (Q)) is an everywhere dense set in H h (Q). 

It suffices to establish this assertion for the parallelepiped Il a = 
= {| x t | < a t , i = 1, . . ., n }, where a *= (a x , . . ., a n ), a t > 0, 
i = 1, .... n. 

Take any function / 6 # ft (n a ) and any e > 0. Whatever be a, 
0 ^ | a | ^ A, the function D a f 6 T 2 (II a ), therefore, by Theorem 2, 
Sec. 2.2, there is a function cp 0 (;r) G C(II a ) such that || D a f — 
— <Pa Hl^IIo) < e - 

In the parallelepiped U aa = {| x t | < a t o, i = 1, . . ., n) where 
o > 1, n a <g n QO , consider the function F a (x) — f(x/a). By Prop¬ 
erty 4, F a 6 H h (U a0 ), and hence F a £ i7*(II a ). Since 

|| D F a (x) <fa(x) |(L 2 (n a ) 

< || D a F 0 (x) - cp a (x/o) || is (n a0 ) + II <Pa (x) — cp a (x/o) ||L,<n a > 

and by Theorem 8, Sec. 1.8, Chap. II, 

|| D a F a {x) - cp a (x/o) || Lt( n aa ) 

= -^j- D a f (x/o) — <p« (x/o) 

+ II D a f (x/a) - cp a (x/o) ||L s( n ao i<^ 2 (1 - ^) || i) a / ||L, ( n B ) + ° n/2 e. 






Mn„„) 
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it follows that 
ilP“^o(*) — <P«(*) ||i,(n 0 ) 

< 011/2 ( 1 — -^r) II £°7 Ikay + a" /2 e + |j <p a (*) - <P«(*/°) Ikay. 

Therefore for any a, 0<|a|<&, 

j| D a f(x) D a F a (x) || M n a )<||^ a /-cp a ||L t (n a ) + ||^-9alk(n a ) 
<e(l + a«/ 2 )-f an /2 || D a f || L , ( n a ) +1| <p a (*)-<p«(*/a) |k<n a ). 

The function tp a (;r) € C(II a ), which means that || cp a (a:)—q) a (x/o) ||£,,<n )-»- 
—>-0 as a->l. Therefore a a = a 0 >l can be found such that for 
all a, O^jaj^/c, \\D a f(x) — D a F<j 0 (x) |k(n a )<^3£. Consequently, 

|| / —Fc 0 || Jjft(n ^ ) <C'e. 

Take now the averaging function {F ao )h{x) for the function 
-Foo(*)€tf\n«»o)- % Property 3, || (F ao ) h — F C!o \\ H k (Ila) -+0 as h-+0, 
thereby implying that a number h = h 0 can be found such that 
ll(^ 0 )h!“• f, a 0 || H ft ai(i) <e. The function (F ao ) ho (x) 6 C°° (!T a ) and 

II (^Go)ao / llH ft (n a )'^ll (^o)ho F a 0 l|H ft (ll a ) 

+ II Foo / llH ft (n a ) + f) s> | 

2. On Extension of Functions. Suppose that a function f(x) is 
defined in a region Q and the region Q' contains Q. A function F(x) 
defined in Q' and coinciding with f(x) in Q is called extension of 
f(x) into Q'. Note first that every function f(x) has an extension. 
For example, F(x) can be taken as zero in Q' \ Q. When f(x) 6 
6 Lo{Q), we already used such an extension above. However, if 
f(x) is a smooth function in Q, for example, / 6 H h (Q) (or / £ 
6 C k (Q)) for some k 1, then it is natural to seek its extension 
F(x) in the class of functions that are as much smooth in Q': be¬ 
longing to Ff k (Q') (or to C h (Q')). We shall demonstrate that under 
definite conditions on the boundary of Q such extensions are possible. 

Suppose first that Q' is the cube K a with side 2 a >0, K a — 
= {| i)i | < a, i — 1, . . ., n} (independent variables here will be 
denoted by y t , . . ., y n ) and Q 'is the parallelepiped AJ = K a f) 
fl {l/n > 0}. The extension Z(y) of a function z(y) 6 C h (Ka) into 
Ka = K a [ 1 {y n < 0} is defined as follows: 

fc+i 

Z(y)= 2 AiZ{y', —yji), ( 6 ) 
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where y' = (y t , . . ., and A x , . . ., A h+1 is the solution of the 

linear algebraic system of equations 
1 

S (-l/i)M, = l, 8 = 0,...,k. (7) 

i=i 

Note that when y £ K~ a , the points (y ', — y n li ) in (6) lie in Ki for 
all i = l, . . A: + 1. The determinant (Vandermonde’s determin¬ 
ant) of the system (7) does not vanish, therefore the system (7) 
has a unique solution A t , . . ., A h+1 . 

For any y° = (y 0 ’, 0) 6 K a f| {y n = 0}, the function Z{y) is 
taken equal to lim z(y). Thus the function Z(y) is defined on 
v-y a 

ye k% _ 

('litIre K a . Since z(y) £ C h (K£), by (6) Z(y) 6 C h (Ka)- We shall 
first show that Z{y) 6 C(K a ). 

Passing to the limit in (6) as y y°, y £ Ka, and taking into 
account (7), we have 

&-f-l h-\- 1 

lim Z($r) = 2 z (y) = 2 ^tZ (y°) = Z(y°), 

y-*yo i=l v->y a i=l 

yeK~ y c K l 

which means that Z(y) 6 C(K a ). 

For any vector a — (a x , . . ., a n ), | a | ^ k, with integer com¬ 
ponents, by (6) we have, for y £ Ka, 

1 

D a Z(y)= 2 A^-i/i^D^y', -yji ). (8) 

i= 1 

Letting y y°, y £ Ka, in (8), we obtain 
lim D a Z{y) = lim D a Z(y) 

y-*V» V-*V° 

yeK- yeK 

for all possible a such that | a | = 1. Then at the points in the plane 
K a fl {yn = 0} all the first derivatives of Z(y) exist, and they coin¬ 
cide with corresponding limiting values. Therefore Z(y) 6 C 1 (K a ). 
Repeating these arguments and using (7), we find that Z (y) 6 
eC l (K a ) for all l < k. 

For any a, | a | ^ k, the relation (8) yields, for all y £ Ka, 

fc+1 h +1 

I D a Z(y) | 2 < 2 A i ■ 2I D * z (y' > - Un/i) l 2 
1=1 1 n 1=1 

h+l 

= 2 I D a z{y', —yji) | 2 - 

i—1 
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Integration with respect to y£K^ gives 
fc+i 

J |D a ZNp<C 0 2 J \D a z(y', —yji) | 2 dy 


i= 1 k ~ 
h +1 


= Co 2 * J I L>“s(p) p dp< C' j I D a z(y) | 2 dy . 


i==1 Kan{y„<a/»> 




Since Z(y) = z(p) when y £ ifj, it follows that 
j | D a Z(y) | 2 dp = j | D a Z(y) | 2 dy + j | D a Z(y ) | 2 dy 


KZ 


K~ 


<C" j | D a z(y) | 2 dp.. 


iC 


Summing these inequalities over all a, | a | ^ k, we obtain the 
inequality 

where the constant C x > 0 does not depend on the function z(p). 

Thus an extension Z(p) 6 C h (K a ) has been obtained for the func¬ 
tion z(p) £ C h (Ka ) and for this extension inequality (9) holds. 

Suppose now that the function z(p) £ H h (Ka). By Property 6 of 
the previous subsection, there is a sequence z s (p), s = 1 , 2, . . of 
functions in C h (Ka) converging to z(p) in the norm H h (Kt)\ 
|| z s — z || H fc (JC +) -> 0 as s-> oo. Denote by Z s (p) the extension of 

z s (p) into K a obtained in abovementioned manner, Z s (y) £ C h (K a ). 
From (9) follows the inequality || Z s — Z p \\ H h (Ka) ^C 1 \\z s — z p || H h (Jf + > 
which shows that the sequence of functions Z s , s = 1,2, . . ., is 
fundamental in the norm H h (K a ). This means that there is a func¬ 
tion Z(p) 6 H h (K a ) to which this sequence converges in the norm 
H k (K a ). Since Z(p) = z(p) for p £ Ki, the function Z(p) is an 
extension into K a of the function z(p). The function Z(p) clearly 
satisfies inequality (9). 

Thus the following result has been established. 

Lemma 1. For any function z(y) £ H h (Ki) ( C h (Ka )) there is an 
extension Z(y) 6 H h (K a ) (C h (K a )), and inequality (9) holds. 

Note that since equalities (6) hold for Z s (p), s = 1, 2, . . ., and 
z s -+■ z in H k (Ka) and Z s -v Z in H h (Ka), it follows that this equal¬ 
ity also holds for Z(p). 

Lemma 2. Suppose that the function f(x) £ H h (Q) (or C h (Q )) 
and for any point g £ d ffeere is a function F$(x) defined in the ball 
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S r (t) = {| x — | | < r} of radius r = r(£) > 0 such that F%(x) = 
= Kx) for x£Q[) S r (£) and F^x) 6 H h (S r m (C k (S r (l))) (the 
junction F$(x) will be referred to as the extension of f(x) into the ball 
S T (c)). Suppose further that inequality 

I. || / II 

where the constant C 2 does not depend on f(x), holds. 

Then for any p > 0 there is an extension F(x) into the region Q p * 
of the function f(x) having the properties: F(x) g H h (Q p ) ( C h (Q p )), 
F(x) = 0 outside Q pl2 , there is a constant C 3 > 0 depending only on 
Q and the number p such that 

II^IU ( QP)<C3||/|| Hft(Q) . ( 11 ) 

Proof. According to the hypothesis, for any point £ £ Q there 
exists a ball 5 r (£), r — r(|), in which either the function / (x) £ 
6 H h (S r (l)) ( C h (S r (|))) itself is defined if £ 6 Q or else its exten¬ 
sion of the same class. Assume that r(£) < p. The aggregate of 
balls S r / 3 d) for all possible £ £ Q covers the set Q\ accordingly 
(recall that the region Q is bounded), from this cover a finite sub¬ 
cover <S'r,/ 3 (^ 1 ), . . ., Sr N / 3 (x N ), where r t = r(x x ), can be chosen. 

Let the function O^x) 6 C°°(R n ), S^z) = 1 in S Ti / 3 (x % ) and 
‘Oi(x) = 0 outside the ball iS , r ./ 2 (a: t ), i = 1, . . ., N. We denote by 
Oi(x) the function 1 — 0 f (a:), i = 1, . . ., N, and construct the 
functions 

y,(a:)==0 1 (x), ?2 (z) = <L(z)02(z), • ••> 

yi(x) = Oi{x) . .. ffi-i(#) ®i{x), 

It is clear that y^x) £C°°(R n ), 

7 i(x) = 0 in U / 3 (f) ( 12 ) 

}<i 1 

and 

yi(x) = 0 outside S Ti / 2 {x')- (13) 

Further, 

yi (*)+ ...+v, (x) = (1 — 0 ! (x))+cr t (x) (1 —a 2 (x)) 

+ ...+a i (x) ... G;-! (x) (1 — Oi (a:)) = 1 — at (x) ... Oi (x), 

therefore 

Yi (*)+•••+?! (*) = 1 ( 14 ) 

for x£ (J S r ./ 3 (x 3 ), and, in particular, for x £ S r ./ 3 (x'). 

1 1 


* Q p is the union over all x° g Q of the balls (| x — x° \ < p). 
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We define functions f t (x), i = 1, . . N, for all x £ R n in the 
following manner: in «SV. (x 1 ) the function f t (x) coincides with either 
/ (x) or its extension F x i (x) into S Ti ( x % ), outside S T . ( x l ) the func¬ 
tion f t (x) = f (x) if x 6 Q or fi (x) — 0 if x $ Q. 

By (13) and Properties 2 and 4 of the preceding subsection, the 
function y t {x) f t (x) 6 H k (Q p ) (C h (Q p )). Therefore the function 

F {x)= S ft (*) Vi (*) (15) 

2=1 

belongs to H h ( Q p ) ( C h ( Q p )). 

Let x be a point of Q and S r /3 (x 1 ) the first ball of the chosen finite 
subcover containing this point. As f t (x) = / (x) for alii = 1, . . N 

i 

and by (12) y t (x) f (x) = 0 when i > Z, so F (x) = ^ y t (x) f (x) = 

i = l 

= / (x) in view of (14). This means that the function F (x) given 
by (15) is an extension of / (x). The relation F (x) = 0 outside Q pl2 
is a consequence of (13) and (15), because r t < p, i = 1, . . N. 
Inequality (11) readily follows from (10) and (15). | 

Theorem 1 (on extension). Let Q and Q' be bounded regions , Q (g 
<g <?', and dQ 6 C h . Then any function f (x) £ H k (Q) ( C h (Q)) has an 

extension F (x) £ H h (Q') (C k ((/)) into Q' with compact support. 
Moreover , 

< 16 ) 

where the constant C > 0 depends only on Q and Q'. 

Proof. Take an arbitrary point £ 6 dQ. In some neighbourhood U\ 
of this point the equation of dQ can be expressed (if necessary, by 
redesignating the variables) in the form x n — <p (x x , . . ., x n _f) 
with cp (xj, . . ., r n _j) ^ (D), where (n — l)-dimensional region 

D is the projection of dQ f) L\ onto the plane x n — 0. It is assumed 
that x n > cp in Q f| U\. The change of variables 

yi — x i Sii t = l> ...,n 1, y n — X n <P { x i, 1 ) (1^) 

maps U\ one-to-one onto some neighbourhood fi of the origin which is 
expressed in terms of the variables y x , . . ., y n . Let K a be the cube 
{I Mi I < a -> i — 1» • • n } lying in fi and U% its original under the 
transformation (17). The image of Q f| is then the parallelepiped 
Ra = K a fl {y n > 0} and the function / (a:) defined in Q f| Z7g be¬ 
comes the function z (y) = f (y x + . . ., y n -i + In- 1 , Vn + 

+ <p(y 1 + Z 1 , . . ., y n -!+ In- 1 )) belonging to H h (K + a ) ( C h (KQ), 
by Property 5 of the preceding subsection. 

9-0594 
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By Lemma 1, there is an extension Z ( y ) of z ( y ) into the cube K a . 
By the inverse transformation of (17) 

Xi = yt + %i, i = l, 1, = + + + 

this extension generates extension ( x ) of / ( x ) from Q f] into 
V\, and, more so, into the ball S T (£), contained in UQ of radius r = 
= r (|) > 0 with centre at the point |. Moreover (see Property 5, 
Subsec. 1), 

II llH h (S r (i))‘^ll ^5 IIh^L'i)^^ 3 II Z Hff ft (K 0 )’ 

II Z IIh^K*)'^^' 4 II ^ nQ)^^ 4 II ^ 

where the constants C 3 and C 4 depend only on the function <p (ij, . . . 
. . ., x n .Q from (17) and its derivatives up to order k. These ine¬ 
qualities and (9) imply (10). The conclusion of the theorem now fol¬ 
lows from Lemma 2 if p is taken less than the distance between the 
boundaries dQ and dQ' of Q and Q'. | 

Remark. The extension F ( x ) into Q' of the function / (x) belong¬ 
ing to H h (Q), obtained in the above proof, satisfies not only the 
inequality (16) but also the inequalities 

H F IIh ! (Q')< C !I/IIh 5 (Q) 

for all s ^ k. 

So far the functions were extended from a given region into some 
wider region. In the sequel we shall have to use the smooth extension 
of a function from the boundary. 

Suppose that a continuous function / ( x ) is defined on the bound¬ 
ary dQ of the region Q. A function F (x) continuous in Q is called 
extension into Q of the function / (x) if for all x £ dQ F(x) = / (x). 
The following result holds. 

Theorem 2. If the boundary dQ £ C h for some k 1, then any 
function f (x) £ C k (dQ) has an extension F (x) into Q which belongs 
to C h (Q). Moreover, 

II F Hc ft (Q)'^- C II / llc ft (dQ)’ 

where the constant C > 0 does not depend on f. 

Proof. Since dQ £ C k , for any point | £ dQ there is a number p = 
= p (I) > 0 such that a portion of the boundary dQ f| S p (£) 
(S p (|) denotes the ball with radius p and centre at the point |) is 
uniquely projected into a region in some coordinate plane, the 
plane x n = 0, say, (it can be always achieved by redesignating the 
variables) and let the equation of the surface dQ f] S p (|) have the 
form x n — cp (x'), x' 6 D^, where <p (x') 6 C h (DQ. 

Choose a sufficiently small number r = r (|) > 0 so that the 
(n — l)-dimensional ball { \x' — g' | < r) <g: D £ . Then the function 
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Fj(x) = f (x', (p(x') ) (ind ependent of x n ) of n variables is defined 
on the closed ball S T (£), belongs to C h (S r (|)) and coincides with / 
on dQOSrd). Moreover || F % (?) If / where the 

constant C (g) does not depend on /. 

The set of balls S r / 3 (g) covers the boundary dQ for all g £ dQ. 
From this set we choose a finite cover of the boundary S r jz (a: 1 ), . . . 
. . S Tn , 3 (x N ), where r t = r (x l ). 

For any i — 1, . . N, we define the function /* (x) as follows: 
in the ball S r . (a: 1 ) take it equal to F x i (x), outside S T . (a;*) take it 
equal to zero if x $ dQ and equal to / (x) if x £ dQ. Then for all i — 
= 1, . . N the functions / ; (x) y t (x), where y t (x) is the function 
constructed in the proof of Lemma 2, belong to C h (R n ), and hence 
to C k (Q). Hence the function 

F (*) = 2 Yi (*) fi (*) 

_ i=l 

also belongs to C h (Q). 

Take an arbitrary x £ dQ and assume that S Tl /3 (x 1 ) is the first 
ball of the selected finite cover of the boundary containing this 
point. Since for all i = 1, . . N U (x) = / (x), relations (12) and 

(14) imply that F (x) = 2 Y t ( x ) f ( x ) — f ( x )- Thus the function 

_ i==1 

F (x) belonging to C k (Q) is an extension of / (a;). The desired esti¬ 
mate is a consequence of corresponding inequalities for the functions 
F x i(x). | 

3. Denseness of C°° (Q) mH h ( Q ). Spaces JH h (Q). Let the boundary 
dQ of Q belong to the class 

Theorem 3. The set of functions C°°(Q) (and hence C h (Q)) is every¬ 
where dense in the space H h (Q). 

Proof. Consider any region Q' for which Q is strictly interior, 
Q (£ Q'. Let / (x) be any function belonging to H h ( Q). By Theorem 1 
of the preceding subsection, there is an extension F {x) belonging to 
H k (Q') of / (x) from Q into Q'. By Property 3 (Subsec. 1), 

—/l| H h ( Q) = — as 

where F h (x) is the averaging function for F (x). Since F h (x) £ 
6 C°° (Q), the conclusion of the theorem follows. 

The set C h (0 is a linear manifold in H h (Q). From Theorem 3 it 
follows that if the boundary dQ £ C h , then the closure of the set 
C h (0 in the norm H h (Q) coincides with H h (Q). 

Let S be an (n — l)-dimensional surface lying in Q. The subset 
6 ’s (Q) of functions belonging to C h (Q) that vanish on the intersec- 

9* 
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tion of Q with some neighbourhood of S (every function has its own 
neighbourhood) is also a linear manifold in H h (Q). The closure of 

Cs(Q) in the norm of H h ( Q ) is a suhspace of H h (Q); this will be de¬ 
noted by Hs(Q). 

When S = dQ, the subspace Hqq ( Q) will be denoted by H k ( Q) 
(the norm in H h (Q) is the norm of H h (Q)). Theorem 6, Sec. 2.3, 

implies that for k — 0 the subspace H k (Q) = H° (Q) coincides with 
the space H° (Q) = L 2 (Q). In Subsec. 1 of the next section it will 

be shown that H h ( Q ) does not coincide with H h (Q) when k ^ 1. 
If the region Q is contained in Q' , Q c= Q' , then any function 

/ ( x ) in C h (Q) extended as being equal to zero in Q' \ Q belongs to 
C h ((?'). Therefore from the definition of H h it follows that the func¬ 
tion / ( x) belonging to H h ( Q ) and extended as being equal to zero 
into Q' \ Q belongs to H h (O'). 

4. Separability of Space JET“(Q). It is assumed that the boundary 
dQ of Q belongs to the class C h . 

Theorem 4. The space H h (Q) is separable. 

Proof. Consider first the cube K = {| x t | < n, i — 1, . . ., n). 
The countable system of functions (2:rt)~ n/, V (m ■ x \ where m = 
= (to 15 . . ., m n ), m t = 0, ±1, ±2, . . ., i = 1, . . ., n, ( m , x) = 
= m 1 x 1 + . • • + m n ;r n , is orthonormal in L 2 ( K). Any function 
/ ( x ) £ L 2 (K) has a Fourier series expansion 




2 *> = 


(2jt) n f 2 


2 2 


( 18 ) 


where /„ 




s— 0 iSI'n|<s+l 


( 2 n )”^ 2 
|m| 2 = m 2 + ... +m 2 . 

Let f (x) £C°° (K). First note that for all m 

\n/2 


are Fourier coefficients of /( x) and 


|/ ro |<(2n)^||/||c(K) = C 0 . (19) 

Put m' = (m„ . .., m n -i). x' = (x u . ..,x„-i), K' = {j x t | < ji, 
i = l, ..., n — 1} c:i? n -i. If m n ^= 0, then 

1 j f(x)e^ m ’ x ^dx 


/; 


(2a) 


n/2 


j e «m’,x’)dx' ( j f(x',x n )e'*n m ndx n ) 

' K’ -a 

_ 1 / f IP f dPf (x) 

~ (2n) n/2 ' ~ im n ) J 


dx P 
K n 


e i(m, x ) fi x 


~PiOuc. 7fta£A.cMta£zc.aZ t cA 




FUNCTION SPACES 


133 


for any natural p, whence it follows that |/ m |-< 
accordingly, hy (19), 


(2n) 71 ^ 2 || / WcPtfi) . 


I «n l p 




I f II CP(K) ^ P 


n/2 


(1 “h I m n I ) p (1-H m n | )P 

for any natural p. 

Apart from this inequality, the inequalities 




i = l, 


(1 +1 m t I ) p ’ 

also hold, and therefore also the inequalities 


re— 1, 


\fm\<Cp min { 

i ' 


i 


(l-f-l mi) )P 


}- 


(1 + max \mi\)P 


( 20 ) 


Since max I m t 1 rei |, from (20) there follow the inequalities 

i 






~\f n 


— m 


i) 


V ^ (1+1 m |)p 


( 21 ) 


true for all m and any natural p. Take p — re + 2. The number of 
terms in the summation 2 x) > which is equal to the 

| m |<s+l 

number of points m with integer coordinates in the annular region 
s ^ | m | < s + 1, does not exceed the number of such points in 
the cube with side 2 (s + 1), that is, does not exceed (2s + 1))". 
Therefore 


2 X) 

8^ |m|<s+l 


■C 2 I fm 

|m|<s+l 


C n+2 2 n (l + s) n 


d+s) r 


(1+s) 2 


which means that the series (18) converges uniformly in K. 
Taking p = re + 3, we find that for any r, 1 ^ r ^ re, 


2 im rfme Hm ' x) 
s^|m|<s4-l 


< 


(l + s )n+3 


,2 n 


(1+s) 2 


Therefore the series obtained from (18) by termwise differentiation 
with respect to x T , r = 1, . . ., re, converges uniformly in K. It can 
be similarly shown that the series obtained from (18) by termwise 
differentiation l times, 1 — 2, 3, . . ., converge uniformly in K. 

Denote the sum of (18) by g ( x ): 

81 <*>■"12+^2 
m 
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We have shown that g (x) £ C°° ( K ). This means that also the 
function 9 (a;) = g ( x ) — / (x) £ C°° ( K ). Let us show that 9 ( x) == 
= 0 in K. 

Since (s^),-^!r) htKr U for all m 

| 'f: ix) C ‘‘ m ' J:> dx = 0. 

K 

Having fixed an arbitrary m' = (m^ . . ., m n ^, we write this 
equality in the form 

JT 

\ e im n x n [ j 9 (x', x n ) x "> dx'] dx n = 0 . 

-n K' 

Since the function 9 m / ( x n ) = j 9 (x', x„) £*(»»'.*') dx', which is 

K’ 

infinitely differentiable with respect to x n , | x n | ^ it, is orthogonal 
in the space with the scalar product, L 2 (—Jt, it), to the functions 
e im n x n for all m n = 0 , ± 1 , ± 2 , . . it follows that for any m’ 
<Pm' (^n) = 0 for all x n , I x n | < Jt. Let m" = ( m lt . . ra n _ 2 ), 
x" = (x l5 . . x n _ 2 ), K" = K' fl {x n -i = 0}. For any fixed m ", 
any x n , | x n | ^ Jt, and all m n . x — 0, ±1, . . we have 

0 = j 9 (x\ x n ) e i(m '-*'> dx' 

K' 

n 

= j e«n-l m n-l dxn-j j 9 (x", X n _ lt X„) e i(x "’ m "'> dx", 
-n K" 

whichr implies 

j 9 (x", x„_i, x n ) e i(m "■ *"> dx"= 0 

K" 

for any x n _ lt x n , | x„_ x | ^ it, | x n | ^ jt and all m". Continuing in 
this manner, we find that 9 (x) = 0 in K. 

Thus it has been established that any function / (x) £ C°° ( K ) 
has series expansion (18) that converges uniformly together with 
derivatives of any order in K. Evidently, this holds for any cube 
K a = {I I < a, i = 1, • • •, «}• 

We now turn to the proof of the theorem. Take a number a > 0 so 
large that Q g K a . By Theorem 1, Subsec. 2, any function / (x) 6 
6 H h (Q) has extension F (x) £ H h ( K a ) with compact support in 
K a . Any such function F (x) can be approximated, according to 
Property 3, Subsec. 1, in the norm of H h (K a ) by averaging functions 
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F h (x), which are infinitely differentiable and for sufficiently small h 
have compact supports in K a . 

As shown above, every function F h (x) (for sufficiently small h) 
can be approximated uniformly in K a together with all the deriva¬ 
tives (and therefore also in the norm of H h (K a )) by partial sums of 
its Fourier series. Consequently, any function F h (x) can be approx¬ 
imated in the norm of H h (0 by a linear combination of the system 
i iL ( m x ) 

e a ' with coefficients whose real and imaginary parts are ratio¬ 
nal numbers. Thus we have constructed a countable set which is 
everywhere dense in H h (0. | 

§ 5. PROPERTIES OF FUNCTIONS BELONGING 
TO H 1 (0 AND H 1 (0 

1. Trace of Functions. Let Q be a region in R n and S a smooth 
(n — l)-dimensional surface lying in 0 If in Q there is given a func¬ 
tion / (x) defined at every point (that is, if the equality of functions 
is understood as the equality of their values at every point), then 
we can consider the value of this function on S. That is, we can con¬ 
sider the function / | i£ s defined at every point of S whose values for 
all x(S coincide with the value of / (a;). If we consider a function 
defined a.e. in Q (that is, functions are considered equal if they coin¬ 
cide a.e.), then the value of / on a fixed surface S is determined not 
uniquely: since mes 5 = 0, the function can assume any value. 
Nevertheless, one can speak, in a definite sense, of values on 
(n — l)-dimensional surfaces of an almost everywhere defined func¬ 
tion as well. 

For the sake of simplicity, assume that the surface S = S ( x n ) is 
the intersection of a region Q with the plane x n = const. Then, 
according to Fubini’s theorem*, for almost all x n ,the function / 
has the value / |*gs(* , on S ( x n ) which is defined almost every¬ 
where on S (naturally, the equality of functions of (n — 1) variables 
is understood as equality of their values a.e. in the sense of (n— 1)- 
dimensional measure). Moreover, it is apparent that for almost all 
x n the value on S ( x n ) of a function continuous in Q is a continuous 
function on S ( x n ), whereas for almost all x n the value on S (x n ) of 
a function belonging to L 2 (0 belongs to L 2 (S (x n )). 

In the investigation of solutions of differential equations, condi¬ 
tions are often prescribed which must be satisfied .by the solution on 
some fixed (n — l)-dimensional surface, for instance, on dQ (the 
boundary conditions). Therefore we must generalize the meaning 


* More precisely, according to Lemma 4, Sec. 1.11, Chap. II. 
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of the value on an ( n — l)-dimensional surface S of an a.e. defined 
function—the idea of the trace of a function on S. For an a.e. defined 
function satisfying some smoothness conditions this idea can be 
introduced uniquely. In particular, this is easily presented for a 
continuous function in Q. 

By the trace f \g of a function f £ C (Q) on an (n — 1 )-dimensional 
surface S we mean the value on this surface of a function defined at 
every point and continuous in Q that coincides with / almost every¬ 
where (that is, by the trace on S of a continuous function is meant 
its value extended uniquely with respect to continuity on S). As 
usual, here the equality of functions defined on S is understood as 
a.e. equality in the sense of (n — l)-dimensional measure. 

The notion of the trace of a function on S can also be introduced 
for functions belonging to certain spaces with integral norms; in 
particular, for functions in spaces H k (Q) with k 1. Since for 
k ^ 1 all H h (Q) are contained in H 1 (Q), it is enough to introduce 
this notion for functions belonging to H 1 (Q). 

Let S be a surface of class C 1 (see Chap. I, Introduction) lying in 
Q, and let S x be its simple piece that is projected uniquely onto a 
region D in the plane {x n =0} and having the equation 

x n = cp (x'), where x' = {x x , . . ., x n _ 1 ), <p (x') £ C 1 (D). 

The region Q is bounded, therefore it can be assumed enclosed in 
a cube {0 < x t < a, i = 1, . . ., n } for some a > 0. Suppose first 

that f (x) belongs to C 1 ( Q ), and equate it to zero outside Q. Accord¬ 
ing to Newton-Leibnitz formula 


<p(x') 

/(*) |s, = /(*%?(*'))= j d\ n , 

0 ~ ri 

which, on applying Bunyakovskii’s inequality, yields 




|/|s,| 2 <<P(*') { 


df(x\ In) 


din 


a 


df(x ', In) 


din 


din. 


Multiplying this inequality by "[/" 1 + ipjj + . . . + _ 

integrating over D, we obtain 


and 


11/111,(5,)= j|/| Sl | 2 ^ 1 <^||/||| f , (Q) , (1) 

Si 

where the constant C > 0 does not depend on the function /. 

Since the surface S can be covered by a finite number of simple 
pieces, pieces of type (that possibly project onto other coordinate 
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planes), we find, summing the respective inequalities (1), that 

|| /||l s (S)<C||/||hi (Q ), (2) 

where the constant C > 0 does not depend on the function /. 

The inequality (2) also holds for any function / (.z) 6 C 1 (0. To- 
show this, it suffices to use Theorem 1, Sec. 4.2, on extension (assum¬ 
ing, of course, dQ £ C 1 ) and inequality (2) for a function belong¬ 
ing to C 1 and having compact support. 

Suppose now that f £ H 1 (0. From Theorem 3, Sec. 4.3, it 
follows that there is a sequence of functions f p (x), p = 1, 2, . . ., 
in C 1 (Q) which converges to / in the norm of H 1 (0. For the 
function f p — f q inequality (2) assumes the form 

\\fp — /g||l. 2 <S)<C || fp — fq\\m(Q)' (3> 

Since \\ f p — f q Hhhqj -*■ 0 as p, q oo, it follows that also 
II fp — fq IIl,(S) -*■ 0 as p, q oo. This means that the sequence of 
traces f p \ s of functions f p on S is fundamental in L 2 ( S ). Since 
L 2 ( S ) is complete, there is a function f s (x) £ L 2 ( S ) to which the- 
sequence of traces f p | s converges as p-v oo. Passing to the limit, 
as p-*■ oo, in (3), we obtain 

|| fq — fs I|l,(S )< C II fq — f ||h!(Q). (4> 

Let us show that the function / s ( x ) does not depend on the choice 
of the sequence f h (x), k — 1, 2, . . ., which approximates / (x) in 
the norm of H 1 (Q). Indeed, let f h (x), k = 1, 2, . . ., be another 
sequence of functions in C 1 (Q) for which || / — f k ||h‘(Q) 0 as 

k-*- oo, and let f s ( x ) be the limit in the norm of L 2 ( S) of the se¬ 
quence /h Is , k = 1 , 2, .... Then 

|| fa — fs I|l 2 (S) < |l fs — fq ll-MS) + || fq — fq ||t,(S) + || fq~fs ||i,(S) 

< C ( || / — fq ||h1(Q) + || fq~ fq ||m(Q) + l| fq~ 7s I|h 1(Q))» 
by the inequalities (3) and (4). Since, when goo, the right-hand 
side of the last inequality tends to zero, we have f s = fs- 

The function f s (z) (as an element of L 2 ( S )) will be called the 
trace of the function f (x) £ H 1 (Q) on the surface S and will be denoted 
by f Is (11/ Is IIl,(S) will be denoted by \\f ||r. t(S )). 

Thus the trace of a function is defined for any element f £ H 1 (0. 

We now show that the notion of the trace is, in fact, a generaliza¬ 
tion of the notion of the value of a function on an (n — l)-dimension- 
al surface. Assume for the sake of simplicity that S = S (x n ) is 
the intersection of the region Q with the plane x n — const, and that 
the function / g H 1 (0. Consider a sequence of functions f m ( x ), m = 
= 1,2, . . ., in C 1 (0 which converges to / in the norm of H 1 (Q). 
By definition, the trace / |s(x„) for each x n is the limit in L 2 (S ( x n )) 
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of the sequence of functions f m \ stx y Since the sequence f m , m = 
— 1 , 2, . . converges in Z 2 (<J) to/, a subsequence f mh , k = 1 , . . 
can be chosen, in view of Remark to Theorem 1, Sec. 2.1, that con¬ 
verges to / a.e. in Q. This means that for almost all x n the sequence 
fm h ls(x- n ). & = 1, 2, . . ., converges to the value of / on S ( x n ) 
almost everywhere in the sense of (n — l)-dimensional measure. 
Consequently, the trace and value of / on S ( x n ) coincide for almost 
all x n . 

Thus we have the notions of the trace on S of a function continuous 
in Q and that of a function belonging to H 1 (Q). It is claimed that if 
a function / belongs to C (Q) and to H 1 (Q), then its trace as the trace 
■of a function in C (Q) (denoted by / |s) and that of a function in 
H 1 (Q) (denoted by / |s) coincide. In fact, the function / can be extend¬ 
ed, by Theorem 1, Sec. 4.2, into Q' , Q <g: Q' , in such a way that 
its extension F will belong to C (Q r ) and to H 1 ( Q '). Consider the 
averaging functions F h (x) for the function F. Since F h -+- F as h ->■ 
—► 0 in both the norms of C ( Q) (see Sec. 1.1) and H 1 ( Q) (see Sec. 4.1, 
Property 3), we find that, as h ->■ 0, F h (x) |s-> / Is in the norm of 
C (S) and F h (x) |s->- / |s in the norm of L 2 ( S ); accordingly, 
/ Is = / Is- 

o 

The trace / | s of a function / (x) £ H% (Q) (the definition of this 
space is given in Sec. 4.3) is zero, since the function / | s is the limit 
in the norm of L 2 (S ) of functions vanishing on S (of traces on S of 

functions in C& ( Q )). In particular, the trace / |aQ of a function 

o 

/ ( x) 6 H 1 (Q) is zero. By the way, this establishes the assertion of 

Subsec. 3 of the preceding section which states that H h (Q) ^ II h (Q ) 
for k ;> 1: the function equal to 1 belonging to any H k (Q), k^- 1, is 

continuous in Q, therefore its trace on dQ is 1; hence this function 

does not belong to H k ( Q) for any k ^ 1. 

The trace / | s of a function / g H 1 ( Q) satisfies the inequality (2). 
To establish this, it is enough to pass to the limit, as p -*■ oo, in the 
inequality (2) written for the functions f p (x) ( f p (x) g C 1 (Q), || f p — 
— / II hi (Q> —0 as p -+■ o o). 

■ It was assumed so far that the boundary dQ 6 C 1 . However, when 
S gs Q, for the definition of the trace on S of a function and the 
proof of inequality (2) this restriction can be done away with. In¬ 
deed, in this case there is a region Q' (g Q such that dQ' £ C 1 and 

seQ’. 

Thus we have proved the following theorem. 

Theorem T. Suppose that an (n — 1 )-dimensional surface S of class 
F 1 either belongs to Q' , Q' (g Q, or instead S cz Q and , in addition, 
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dQ 6 C 1 . Then any function f (x) £ H 1 (Q) has on this surface the trace 
f |s belonging to Z 2 ( S ), and the inequality ( 2 ) holds. 

Let /(x) £ H h (Q), /c> 1. Since any generalized derivative D a f 
of order | ot | <T A: belongs to H l (Q ), this derivative has, by Theo¬ 
rem 1, the trace D a f |g belonging to L 2 (S) on any (n — 1) - dimen¬ 
sional surface S of class C 1 . Moreover, the inequalities 

l| D a f ||x, 2 ( s) < C |I f HhM+i (Q) < C || / ||H ft «3) (5) 

hold with constant C > 0 independent of the function /. 

2. The Formula of Integration by Parts. Let the functions / ( x) 
and g (x) belong to H 1 (Q) and dQ £ C 1 . Then for any i = 1, . . ., n 
the formula of integration by parts holds: 

| fx t g dx = J fgn t dS — j fg x . dx, (6) 

Q dQ Q 

where n t = cos ( n , xf) is cosine of the angle between outward normal 
n to the surface dQ and the x r axis, and the functions / and g pres¬ 
ent under the integral sign over dQ are traces of functions / and g 
on dQ. Thus, so far as the applicability of formula ( 6 ) is concerned, 
functions belonging to H 1 (Q) behave just like functions in C 1 ((?). 

To prove ( 6 ), consider (Theorem 3, Sec. 4.3) the sequences f p (x) 
and g p (x), p — 1, 2, . . ., of functions in C 1 (Q) which converge, 
respectively, to the functions f (x) and g (x) in the norm of H 1 (Q). 
Formula ( 6 ) holds for functions / p and g p : 

j dx = j fpgqnidS— j fpg qx .dx. 

Q OQ Q 

Letting here p -*■ oo and q oo (and noting that || f p — f || l,(9Q) 

—*■ o, II g q — g II L,(.dQ) 0), the relation ( 6 ) follows. 

It readily follows from ( 6 ) that if g 6 H 1 (Q) and the components 
ft (a:), i = 1 , ■ • -, n, of a vector / (x), f (x) = (f x (x), . . ., /„ (x)), 
belong to H 1 (Q), then the relation . 

f gdiv/dx= j g{f-n)dS— j f-Vgdx (7) 

Q dQ Q 

holds. 

3. Properties of Traces of Functions Belonging to H 1 (Q). A Crite- 

o 

rion for Membership of the Subspace H 1 (Q)- Let F 0 he a sufficiently 
small (that is, contained in a ball of sufficiently small radius r 0 ) 
simple piece of a surface of class C 1 lying in Q, and let r o be uniquely 
projected into a region D in the coordinate plane { x n = 0}, x n = 
= 9 (x'), x' 6 D, 9 (x') 6 C 1 ( D ), is the equation of. T 0 . 

Let Ej denote the. surface (x' ( D, x, = 9 (x') + 6 } and Qa the 
region {x' £ Z), 9 (x') < x„ < 9 (x') + 6 } when 8>0 or the re- 
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gion {x' a D, <p (x’) + 6 < x n <; cp (a:')} when 8 < 0. Note that for 
sufficiently small | 6 | (and sufficiently small r 0 ) at least one of the- 
regions Q + |j| or Q_jei is contained in Q. 

Let x £ Q a c: Q. Then for any function / £ C 1 (Q) we have 


o>(x')+6 


/(*', 9(*') + 6)—/(*', q>(x'))= J — % i * n) dx ni 

whence it follows that 


<?(*') 

q>(x')+6 


I f(x’,<f> ( x ') + 6) — f(x',cp (x')) | 2 < 6 j 


ip(x') 


df (x , x n ) 

dx n 


dx n 


Multiplication of this inequality by |/"l + T* 2 + . . . + (pl 7l _ 1 and 
integration over D yield 


||/(a ft )-/(* 0 )|k ( r 0) <CV r |6| ||/I|hi ( q 6 ), (8> 


where x° = (x', cp (x')) £ r 0 , x s = x s (x°) = (x', (p(x') + 6)^r d , and 
C 2 = max Y\ + q>J, + .. . -f 

x'£D 

It is obvious that, apart from inequality (8), there also holds the 
inequality 

\\f(x*)-f(x°)\\ L2i r 6) <cy\6Y ||/|| H . (Qfi) . (9> 


Approximating the function / 6 H 1 (Q) by functions of class 
C 1 (Q) and using the definition of the trace of a function belonging to 
H 1 (0, we find that inequalities (8) and (9) hold for all the functions 
belonging to H 1 (Q). 

These inequalities express a definite continuity of traces on sur¬ 
faces Tfl of functions belonging to H 1 (Q) depending on the dis¬ 
placements of these surfaces. 

If the trace on T 0 of a function / is zero, / | r „ = 0, then (9) im¬ 
plies the inequality 

II / llc ! (r 6 )<C 2 81 | / ||H. ( Q a) <C 2 p || / ||fii(a s ) 

for any p and 8, 0 < 6 sSC p p 0 , where p 0 is such that Q po cz Q 
(for the sake of definiteness, we take p 0 > 0). Integrating the last 
inequality with respect to 6 £ (0, p) and using the absolute contin¬ 
uity of the integral, we find that 

|| / IktQp) = o (p) as p —»- 0. (10) 

Thus we have proved that if / 6 H 1 ( Q ), / |r 0 = 0 and Q p cr Q 
(in particular, r„ may be a piece of the boundary dQ), then (10) 
holds. 
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Lemma 1. If f £ H 1 (Q) and its trace on the boundary / |ag= 0, 
then 

l|/|k<Q\Q 6 ) = o(8) as 8-*0. (11) 

Proof. Since the boundary dQ £ C 1 , for every point y £ dQ there 
is a ball S 2r ( y) of radius 2 r, r — r (y) > 0, with centre at this point 
such that a piece of the boundary dQ f| S 2r (y) is projected uniquely 
onto an (n — l)-dimensional region D 2r (y) lying in one of the coor¬ 
dinate planes, say the plane {x n = 0}. The equation of the piece 
dQ n _S 2 r (y) is of the form x n = (p ( x '), x' £ D 2r (y), (p ( x ') £ 
£ C 1 (D 2r {y)). Denote by T 0 = T 0 (y) the surface dQ f| S r (y), and 
by r 6 = fe (y) and Qs = Q& ( y ) the “parallel” surface and the cor¬ 
responding region constructed with respect to T 0 in the manner 
described above. Choose 6 0 = 6 0 (y) so small in absolute value that 
the region Q So = &6 0 (y) c Q f] S 2r (y). 

Since the distance between dQ\S 2r (y) and Q 6o (y) is positive 
.and the distance between dQ f) S 2r (y) and T 6 (y), where 6 £ (0, 6 0 ) 
if 6 0 > 0 and 6 6 (8 0 , 0) if 8 0 < 0, is obviously greater than y | 6 | 
with some constant y = y (y), 0 < y < 1, a y 0 = y 0 (y), 0 < y 0 < 
< 1, can be found such that for all such 6 

inf \x — i|> Yo|8|. (12) 

xBdQ 

ler 6 

From the cover of dQ by the balls S r (y), y^dQ, we choose 
a finite subcover S r (x l ), ..., S r (x N ) • Then there exists a num¬ 
ber S t ;>0, SjC min | 8 0 (a. m ) |, such that 

U Q 6o{xm) (x m ). (13) 

771=1 


Furthermore, by (12), for all 6, 0 < 6 < 8^ and m — 1, . . ., N 
(Q \ Qy ifi) n ^6o(* m ) <= ^6 • sign 6o (* m ) (*”) ’ ( 14 ) 


where = min y 0 ( x m ). 

The inclusions (13) and (14) imply that for any / £ H 1 (Q) the 
inequalities 


N 


II / lll t (Q\Q Vl6 )< n S i II / II l 2 ( ( q x q Vii 


,a)no A 


6o(* ) 


N 

<2 

m=i 


LJQ. . . , m Ax m )) 

2 6-signfi 0 (* ) 


hold for 0 < 8 <; 8 X . Since / |a<j = 0, (11) now follows from the last 
inequality and the relation (10). | 
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Theorem 2. In order that a function belonging to H 1 (Q) may belong 

o 

to the subspace H 1 (Q) it is necessary and sufficient that its trace on the 
boundary of the region be zero. 

Proof. That the condition is necessary is obvious, so we confine 
ourselves to the proof of sufficiency. Let f £ H 1 (Q) and f \oq = 0. 
Take an arbitrary e > 0. Lemma 1 and Theorem 9, Sec. 1.10, 
Chap. II, on the absolute continuity of an integral imply the exist¬ 
ence of a small 8 = 6 (e) such that 

II / lk(Q\Q a > < e8 < II / I|h»(Q\< 3 6 ) < e - 

Since for a function f £ H 1 (Q) there is (Theorem 3, Sec. 4.3; note 
that dQ £ C 1 ) a sequence of functions f p (x), p = 1, 2, . . ., in 
C 1 (<?) converging to / in the norm of H 1 (Q) (and more so in the norm 
of H 1 (Q\Q&)), a number N — N ( 6 ) = N (8 (e)) can be found such 
that 

|l/—/ nI|hi(Q)< 8 » 

II f n lk(Q\« a ) < 2e8, (15) 

II fn ||hi(Q\q 6 > < 2 e. 

Consider the function 

Ui x ) = j co 6/ 3 (|a: — y\)dy, 

Q 6/2 

where (o p (| x — y |) is an averaging kernel. The properties of the 
averaging kernel imply that (x) £ C°° ( R n ), £a (x) = 1 for x 6 
€ <? 56 / 6 i and more so for x £ Q 6 , £4 (x) = 0 outside Qi/e, that is, 

£a ( x ) € C°° (@). What is more, for all x £ R n 0 ^ £4 (x) ^ 1, 

| v£a | =+ Cl6 where the constant C > 0 does not depend on 8. 
By (15) we have 

I /iv — /n£s IIhi(Q) = || fir ~ /ivSfi ||fll(Q\Q 6 ) 

It /iv (1 — £a) ||jU(Q\Q 6 )+ || I V/iv | (1 — £a) + I In 11 | |k(QxQ a )) ‘ 

<( II /n ||l ! (Q\q 6 ) + 21| I Vf N | ||l,(q\q s ) + 21| f N | V£a I lk(Q\Q a >) 1/2 

<(8e 2 + ^-||/v IIL(Q\Q 6 )) 1 /2 < 8 (8 + 8C 2 ) 1/2 = 

The functions f N( a < e » (x) £a (e) (x) belong to C l (Q) and 

II /v(«(e)) ( x ) £fi<e> ( x ) — / ( x ) ||h!(Q) -^11 / /iv< 6 <e» ||h3(Q) 

+ 11 /jV(6(e» ~ /v<8(e))^8(e) ||hi(Q)<(1 + C 1 )8. 

Accordingly, / (x) 6 H 1 (<?)• | 
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4. On Compactness of Sets in L 2 (Q). 

Theorem 3. A set bounded in H 1 (Q) is compact in L % (Q). 

Proof. Let a set Jt be bounded in H 1 (Q), that is, for all / £ o# 

ll/l|ffi(Q)<C- (16) 

Suppose first that <M a H 1 (Q). We extend all the functions be¬ 
longing to oJfl outside Q by putting them equal to zero. In the case 

o 

under consideration the extended functions belong to H 1 (Q') for 
any region Q' zd Q. 

If / ft ( x) is an averaging function for / ( x) £ <Jt, then inequality (6)„ 
Sec. 2.3, holds: 

|i/ft — /111,(0) J dz J \f(x + z)-f(x)\ 2 dx. (17> 

|2|<h Q 

The function f (x) (Q), also extended outside Q by assigning 

to it the value zero, satisfies for any vector z the identity f{x+z )— 

l l 

— / (x) = j tz ^ dt = j (V/ (x + tz) ■z)dt , thereby yielding 

o o 

i 

\f(x + z) — /(x)| 2 <|z| 2 j \Vf(x + tz)\ 2 dt 

0 

and hence 

J' I / (x + z) - f (X) I* I Z I 2 II / ||ln W ). (18) 

Q 

The inequality (18) also holds for any f £ <M; this can be proved 
by the usual limiting process. 

It follows from (17) and (18) that 

\\h-f\\i,m<C 0 \\f\\h (Q) %r J dz^C*h\ 

|z| <h 

where the constant C 1 is independent, in view of (16), of both h 
and /. 

If it is now shown that for any fixed h > 0 the set a/K h consisting 
of averaging functions f h (x) for all f ( x) £ oJtl is compact in C (Q) 
(and therefore in L 2 (Q)), the assertion of the theorem will follow 
from Corollary of Theorem 2, Sec. 3.7, Chap. II. 

According to Property (d) of the averaging kernel (see Chap. I* 
Introduction), we have 

I/*(*)!<-§■ j |/(*) | dr<C;i || /||L, ( Q)<C;||/||fli<Q)<const 
Q 
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and 


dfh 

dxi 


< 


h n+1 


f | f(x) | dx^ const, 


i = l, 


n, 


where, by (16), the constant does not depend on /. Now an applica¬ 
tion of Arzela’s theorem shows that the set {f h (£)} = aM h * is com¬ 
pact in C (Q). 

Suppose now that oM cr H 1 (Q). Denote by <M' the set of functions 

o 

F (x ) belonging to H 1 ( Q') obtained by extension, according to 
Theorem 1, Sec. 4.2, of functions f (x) belonging to °Jl into some 
region Q', Q (g Q'. Since || F ||hi(Q'> < const || / llngq) with con- 

stant independent of /, the set aft' is bounded in H 1 {Q'). By what has 
been proved just now, it is compact in L 2 ((?')• Hence the set <M is 
compact in L 2 (Q). | 

5. On Compactness of the Set of Traces of Functions Belonging to 

-ff 1 (0). 

Theorem 4. If a set of functions is bounded in H 1 (Q), then the set 
of their traces on the (n — 1 )-dimensional surface Y c Q of class C 1 
is compact in L 2 (I"). 

Proof. Let the set aU be bounded in H 1 (Q) and let be the set of 
traces on T of functions belonging to <M. We denote by a/ft' the set 
bounded in /7 1 ( Q') that consists of extensions into Q' r3) Q of func¬ 
tions belonging to <M (Theorem 1, Sec. 4.2, dQ 6 C 1 ). 

Let r 0 be the part of the surface T which is uniquely projected 
into a region D in the plane {x n = 0}, and let x n = <p (x 1 ), x' 6 D, 
be the equation of r o , (p {x') 6 C 1 ( D). There exists a 6 > 0 such 
that the region Q 2 e = {x' £ D, (x') < x n <; cp (x 1 ) + 25} lies 
in Q'. 

* Suppose that the set 5TO of continuous functions in Q is uniformly bounded 
and equicontinuous: || g || - ^ const for all g 6 SD? and for any e > 0 there 

C(Q) 

is a 6 = 6 (e) > 0 such that for all g £ 33? I g (x') — g (x") \ < e for arbitrary 
x', x" in Q satisfying | x' — x" \ <6 (in our case 50? = aM h , and equicontinuity 
of aM h follows from uniform boundedness of derivatives). Let us show that the 
set 3D? is compact in C (Q). 

Let {g k } be an arbitrary infinite sequence of functions belonging to SB. For 
every natural m take a finite set of points {x™}, q = 1, . . p (m), in Q 

so that for every x 6 Q there is a point in this set that is at a distance less than 
6 (2~ m ) from x. From the sequence {g h } we choose a subsequence {g h( } converg¬ 
ing at every point of the set {zj}; then || g hl — < 3-2' 1 for k lt > 

> N v From the sequence {g hl } choose a subsequence {g h2 } converging at every 
point of the set pr|}, and so forth. Thus for every m there is a sequence {g h } 
with the property that || g h — g, || - < 3 -2~ m for k m , l m ^ N m . Evident- 
ly, the diagonal sequence { g m ^} is fundamental in C (<?). 
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For any function / (x) £ C 1 (Q') and any points x = (x\ x n ) £ r o 
and (x', y n ) £ Q 26 we have 


/(*',?„)-/(*) = j -- %; gn l d6n, 


which yields 


* n +26 


|/(a;)|*<2|/(*', i/n)l 2 +48 J 


In) 


din- 


We integrate this inequality with respect to y n 6 (5, 26) to obtain 


26 *„+' 
S|/(*)| 2 <2 j \f(x\y n )\ 2 dy n + 4V j 


df(x\ In) 
din 


dl n , 


and then integrate the resulting inequality over T 0 with respect to x 
(that is, multiply it by Yi + <p| + ... + <p 2 and integrate 

1 ^71-1 

over D) to have 


6 j | /1 2 dS const 1 2 j | /1 2 dx + 46 2 j" | V/ 1 2 dx j. 

To Q' Q' 

Since the surface T can be divided into a finite number of pieces 
of r 0 type and for each of such pieces the inequality just established 
holds, summing these inequalities we obtain 

|| / ||i s (r)<-^-1| / ||i. 2 «?') + C' 2 S || / ||hi(Q'), 

where the constants C\ and C 2 are independent of both / and 6. By 
the usual technique, it is found that this inequality is true not only 
for any / 6 C 1 (Q') but also for any function belonging to H l (<?')• 
By Remark to the theorem on extension (see Sec. 4.2), the last 
inequality yields the inequality 

II / ||i i (D<-y-|| / ||l, ( q) + C 2 510/ IlfntQ), (19) 

true for any / 6 H 1 (Q). 

By Theorem 3 (of the preceding subsection), the set <M is compact 
in L 2 (Q). Therefore from any infinite sequence of elements of the 
set qM a subsequence f p , p = 1 , 2, . . ., can be chosen which is 
fundamental in L 2 (Q): given e > 0 an N can be found such that for 
all p ^ N and N || f p — f q ||l,(Q) < e. But then the sequence 
of traces / p | s , p — 1, 2, . . ., will be fundamental in L 2 (S ), 
because the inequality (19) applied to f p — f q and the inequality (16) 

10-0594 
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imply, for all p, q^> N , 

\\fp — fq ||1,(Q)+ ^ 28 II fp — fq IIhmQ) < 6 (£1 + 4C 2 C 2 ) = C 3 e, 
provided we take 6 — e. | 

o 

6. Equivalent Norms in Spaces jEf 1 (0) andiT^Q)- Suppose that in 
a region Q, dQ £ C 1 , there is defined a real symmetric matrix 
P(x) — ( Pa{x )), i, j = 1, . . n, continuous in Q. This means 
that the real-valued functions Pij[x) £ C (Q) and p t j — Pji, i, 
j = 1, . . n. Suppose further that a real-valued function q (x) £ 
£ C ( Q) is defined in Q, while the real-valued function r (x) £ 
£ C (dQ) is defined on dQ. 

On H 1 (Q ) we define the Hermitian bilinear form (see Sec. 2.4, 
Chap. II) 

n 

W(f, g)= j 2 PuUfr, dx + j Qfg dx + S r fS dS ( 20 ) 

Q i, 5=1 Q dQ 

(in the rightmost integral, of course, / = f\ d Q, g = ^Isq). 

Theorem 5. If the matrix P (x) is positive-definite , that is, for any 
complex vector | = (| lt . . | n ) and for all x £ Q 

2 Pij 2 Uil 2 (21) 

i, 3=1 i=l 

with constant y > 0, the functions q (x) 0 on Q, r (x) 0 on dQ 

and either q (x) 0 or r (x) 0 , then the bilinear form ( 20 ) defines on 

H 1 (Q) a scalar product equivalent to the scalar product 

(/. g)HHQ) = J (V/Vg+/g) dx. ( 22 ) 

Q 

Proof. According to the definition (see Sec. 2.4, Chap. II), for the 
proof of this theorem it is enough to establish the existence of two 
constants C x > 0 and C 2 > 0 such that the inequalities 

W(f, /)<q II / |Uri ( Q )t II f\\h H Q)<eiW{f;f) (23) 
hold for all / £ H 1 (Q). 

First note that by the hypothesis all the three terms in the expres¬ 
sion for W(f, f) (in (20) g = f) are nonnegative. 

Since 

n n 

j 2 Pufxjxj dx<A J 2 I /*, 11 f*j | dx 

Q i, 3=1 Q i, 5=1 

<An f |V/| 2 dx<A«||/||| f i ( Q ) , 
Q 


~PiOuc. Tftdf/tcwtfti C-ClL 



FUNCTION SPACES 


147 


where A= max || Pu lUo)* 

l^Si. 

f q | / | 2 do:<>l 1 1| / i|t, ( Q)<^i || / ||lri(Q), 

Q 

where A x = || q || C( ^ )t and according to inequality (2) of Subsec. 1, 

f r\f\ 2 dS<CA z || / ||i t( a Q )<CM 2 1| / \\° HHQ) , 
a*Q 

where A 2 — || r ||c(8Q)» the first of inequalities (23) holds with the 
constant C\ — An + A x -f A 2 C 2 . 

We shall establish the second inequality in (23). Supposing, on 
the contrary, that there is no such constant C\, a function f m (x) £ 
6 H 1 (Q) can be found for any integer m ^ 1 such that || f m ||hi(Q) > 
> rnW ( f m , f m ) or, equivalently, a function g m (x) 6 H 1 (Q) ( g m = 
= / m /|| f m ||hi(Q)) can be found such that 

|| gm ||hI(Q) = 1 (24) 

and 

^(?mi gm) 

n 

= j S PuSmx^gmxj dx+ j q | g m | 2 dx + j r I g m I 2 dS < 1/m. 

Q «. i=1 9 dQ 

This inequality implies that each of the three terms in W(g m , g m ) 
is less than 1/m, therefore (using the inequality (21)) the following 
inequalities hold: 

j I Vg m | 2 dx<-^-, j q\g m \ z dx<-^-, [ r|g m | 2 dS<-i-. (25) 

Q Q 8Q 

By virtue of (24), the sequence g m , m — 1, 2, . . ., is bounded in 
H\Q)\ accordingly (Theorem 3, Subsec. 4), from it a subsequence 
can be chosen which is fundamental in L 2 ( Q ). With no loss of gen¬ 
erality, it can be assumed that the sequence g m , m = 1, 2, . . ., 
itself is fundamental in L 2 (Q), that is, || g m — gp IIl,(Q) 0 as. 
m, p oo. Since, by the first inequality in (25), 

II gm — gp ||h1(Q) = || gm — gp lll,(Q) + || | V (g m — gp) | ||l,(<?) 

< II gm — gp I|i,(9) + 2 || I Vg m I 111,(0) + 2 || | Vgp 1111,(0) 

<\\gm-gp + + 

it follows that || g m — g p ||h«(Q) 0 as m, p -*■ oo, that is, the 

sequence g m , m — 1, 2, . . ., is fundamental in H 1 (Q) as well. 
Thus this sequence converges in the norm of H 1 (Q) to an element 

10 * 
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g 6 H l (Q). Letting m oo in (24) and (25), we obtain the fol¬ 
lowing relations: 

( a ) IU||hi ( q)==1, 

(b) J|VgM* = 0, 

Q 

(fc) J q\g\ 2 dx = 0, 

Q 

,(d) jrlg^dS = 0. 

dQ 

The relations (b) and (a) imply that g = const = l/Kl Q I in Q 
and g\ aQ = 1/YT Q | on dQ, which contradicts (c) if q (x) 0 or 

(d) if r {x) # 0. | 

Let P (x) = p ( x) E, where E is the identity matrix. Theorem 5 
has the following corollary. 

Corollary. The bilinear form 


w (/> g) = j (pV/Vg -f- qfg) dx -f j r (x) fg dS, 
Q dQ 


where p (x) £C (Q), q(x) £ C ( Q), r(x) £ C (dQ), p (x) const > 0, 
q (x) ^ 0 in Q, r (x) ^ 0 on dQ and either q (x) 0 inQ or r(x) 0 

on dQ, defines in H 1 (Q) a scalar product equivalent to the scalar pro¬ 
duct (22). 

Theorem 6. If the matrix P (x) is positive-definite and the function 
q (x) ^ 0 in Q, then the Hermitian bilinear form 


n 

W i (/, g) = j 2 PilfxiSxj dx + j dx 

Q i, j=l Q 


O 

defines a scalar product in H 1 (Q) which is equivalent to the scalar pro¬ 
duct (22). 

Proof. Since H 1 (Q) a H 1 (@), it follows from Theorem 5 that a 
scalar product equivalent to the scalar product (22) can be defined in 

H 1 (Q) by means of the bilinear form (20) with r (x) = 1 on dQ and 
q (x) 0 in Q. But for the functions f (x) and g (x) belonging to 

o 

H 1 (Q) the values of bilinear forms W and W 1 coincide. || 

Let P (x) = p (x) E. Theorem 6 implies the following result. 
Corollary. The bilinear form 

W (/, g) = | (pVfVg + qfg) dx, 

Q 
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where p (x) £ C (Q), q (x) £ C ( Q ), p ( x ) ^ const > 0, g (a:) 0 in Q, 

o 

defines a scalar product in H 1 (0 equivalent to the scalar product (22). 
/re particular , i/ie scalar product 


Q 

is equivalent to the scalar product (22). 

The last assertion readily yields Steklov's inequality 

||/||L(Q)< const J I V/| a dar, 

Q 


which is true for any / 6 


§ 6. PROPERTIES OF FUNCTIONS BELONGING 
TO #*(<)) 

In this section we shall examine mutual relationship between the 
spaces H h (Q) and C l {Q). It will be demonstrated that if a function 
belongs to H h (Q) for sufficiently large k, then it will also belong to 
C l (Q) (that is, the function can be so modified on a set of measure 
zero that it becomes continuous in Q together with all the deriva¬ 
tives up to order l). 

To obtain this result, it is necessary to represent a sufficiently 
smooth function in Q in terms of the integral over Q of a combination 
of its derivatives. 

1. Representation of Functions by Means of Integrals. 

Theorem 1. Let the function f(x) £ C 2 (Q) and let the space have 
dimension re ^ 2. Then for any point x £ Q the following identity 
holds: 


/ (x) = J u {x-D M (i) di+ \ (/ ® MJzdL-m. U(x~ D) dS,, 

Q 6Q 1 5 

( 1 ) 

where 


U(x) = 


1 


n-2) o„| ir 2 
1 


' 2re ln | x | 


when re >2, 
when re = 2, 


( 2 ) 
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and o n = 2n»/ 2 /T (nl 2) is the surface area of the (n — 1 )-dimensional 
unit sphere*. 

Proof. The function U (x — |) (called the fundamental solution 
for the Laplace operator) as a function of £ satisfies for g =£ x the 

relation A|f/(£ — x) — . . . +-^r) u (£ — £) = 0, as can 

be checked by direct differentiation. 

Fix a point x £ Q and take e > 0 so small that the ball {| g — x 
^ e)c Q. In the region Q e = @\{| x — g | <1 e) Green’s for¬ 
mula (see Sec. 1.2) 

J A/ (|) U (x - g) dl = [ (V (g- *) ^- f (g) dU f~ x) ) dS$ 

Q e °Q 

+ 5 ( 3 ) 

16—3c|=e 


holds for the function U (g — x) (regarded as a function of 5) and 
any function / (g) g C 2 (Q). 


As = 

dreg 


0n t ^ ie sphere |g — x\ = e, the second term 
on the right side of (3) has the form (when nf> 2) 


i r a/©.,,* . 

(re—2) o n s n ~ 2 J dn ^ 
||-*|=e 


OnB "- 1 


= /(*)■ 


1 


J f(l)dS t 

|£-*|=e 

j (/(£)—/(*)) 


IS—*1=8 


(re —2) CT n e n " 2 


IS-*I=8 


dn 


dS l = f(x) + 0( 8), (4) 


since the surface area of the sphere |g— 
|i — x| = e /(g)-/(*)= 0(e) and |^- 


a:| = e is cr n e n-1 , and for 
I <; const. 


The function U (g — x) is integrable over Q, therefore the limit, 
as e -> 0, of the left-hand side of (3) is equal to the integral over Q 
of the function U (g — x) A/ (g). Letting e-v 0 in (3) and using 
(4), we obtain (1) when n> 2. When n — 2, the above proof re- 


* The representation (1) holds in one-dimensional case also — b)). 

b 

The identity / (.) i- J | «-g | /• (|) (/ (a) + f (6))--1 ((a-*) /' (a) + 

a 

+ (b—x) f (b)), which is easily verified, can be put in form (1) if we intro¬ 
duce the function U (x— £) = -g-1 x— 1|. However, we won’t have occasions 
to use the identity (1) when re = l. 
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mains valid, the only difference being that the second term on the 
right side of (3), in contrast to (4), is now f (x) + O (e In e). | 

2. Continuity and Continuous Differentiability of Functions Be¬ 
longing to H h (Q). In Theorem 1, any function / £ C 2 (Q) was 
expressed in terms of integral over Q of its second derivatives. If the 

function is still more smooth, / £ C h ( Q ), k > 2, then, along with 
representation (1), there are representations in terms of derivatives 
of order k. To obtain such representations, we require the following 
simple result. 

Lemma 1. Let n 3. Then for any\{realY\i the function 


when p,=£ — 2, — n, 


(p + 2)(p+») —- 

u„, ( x) — (In | x | )/(ra — 2) when p = — 2, 

ln M „ 


| x jn-a(„_2) 


when p = — n 


satisfies the equation Au^ = | ar I** for all x £ R n , x 0. 

That the lemma is true can be seen by direct calculation. 

Let the function / g C 2 (Q). By formula (1), we have for all x £ Q 
/(*)= J U(x-t)Af(t) dg. 

Q 


In particular, when n — 2 



= A/OJinl*—g|dg, 

Q 

(5) 

when n — 3 


/<*)- 

Q 

(6) 

when n> 3 


fix)- 1 f dH 

Q 

(7) 


Suppose that n — 4, and the function f(x) 6 C 3 (Q). Integration of 

(7) by parts yields, on using the relation -j— 1 c r2 = 4 - A 5 In | x — | | 

I x s I ^ 

(Lemma 1) 

nx) = ~w\ A/.A t ln|x-E|dE = 4-j V(A/(S))V s ln|;r-6|d|. (8) 

Q Q 
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When n = 5, the relation (7) and the identity | x — \ |~ 3 = 
11 

= — -s-Vin- ft (Lemma 1) yield the representation 

" I * — s I 

= -T33r.( VW<5 > )V5 I^R‘ i5 (9> 

Q 

• _ 

for the function / (x) 6 C 3 (Q), and so on. Suppose that / ( x ) 6 
6 C 2P {Q), p ^ 2. Then for n> ip — 3 the identities 
a p— i 1 i 

| s _g|4j>-4 ~ °4p-2U| | a ._g|2p-2» |j._||4p-3 

_/">' a P - * _ - _ 

— L 4 p_iAg | a ._||2p-l * 

which follow from Lemma 1, and (7) yield 

/ (*) = Clp _2 j | g ^g[^-T d l when n = ip — 2 (10 4p _ 2 ) 

Q 

and 

f(x) = Cl P -1 j | a ^g|?p-i <£ when n = 4p—1, (10^) 

Q 

where C* and Cl are absolute constants. Since 

|a;_£|4p-2 = C'ipAl ( | a;-g |2p-2 ) ’ I® —||4p-l == ^*P+ 1 ^ ( | X _g|2p-l ) 

for n > ip — 1, p >• 2, we have, by (7), 

/ (*) = C\ p J V (A p / (£)) V* ( ) dl when n = ip, (10 4p ) 

h 

and 

f(x) = Cl P+ j j V (A p / (£)) V s ( pp —) when n=4p+1 (10 4p+1 ) 

Q b * 

for / 6 C* 2P+1 (0, p ^ 2, where C\, Cl are absolute constants. 

Since | V t |g ^ | r | = | x _gjm , the relations (6), (8), (9), 

(10 4p _ 2 )-(10 4p+1 ) yield the inequalities 

I / (x) l<C 4p -2 j | d l for n = 4p —2, p>l,(ll 4p - 2 ) 

Q 

l f (x) \<CC ip -i j ! [Ip-! d l for n —ip — 1, 1, (H 4p -i) 
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for all / 6 C 2P (Q) and the inequalities 

|/(x)|<C 4 p j ■| l Jlg / |!p- l i dl for n = Ap, p>l, (ll 4p ) 
Q 

\f(x)\<C ip+i j -dg for n = 4p+l, p> 1, (ll 4p+1 ) 


for all / £ C 2p+1 ( Q ), where C,- are absolute constants. 

From (5), by means of Bunyakovskii’s inequality, we obtain 

|A/| 2 ^) 1/2 (j | In | x I|| 2 dg) 1 / 2 <;C'||/j|tf 2 ( Q ) , n-2, 
Q Q 

from (ll 4 p- 2 ) 

1 1 M l<c 4p _, ( j I A-/1=«) :1,2 (j 

Q Q 

< c ll/|lfl 2 P(Q)’ n = Ap — 2>2 r 

and similarly from (II 4 P- 1 MH 4 P+ 1 ) 

l/(*)l<C||/|| H .p {Q) , n = 4p-l>3, 

|/(x)|<C||/|| h2p+1(Q) , ra = 4p>4, 

I/(*)!<<? 11/ |Ih 2 p +1 ( q)> n = 4p +1 >5, 

where the constant C depends on n and the region Q. 

Thus the inequality 

IIII/II ,n (12) 

ffl 2 1 (Q) 

holds for all / £ C l 2 J ( 0 , n ^ 1 , where the constant does not de¬ 
pend on /. For » = 1, this inequality readily follows from the repre¬ 
sentation 

b 

/(z )=4 j sign (*-!)•/' (|)d| 

a 

for any function /(.r) 6 C 1 ([<z, fc]). 

• i+i+r-2.1 _ 

If the function / £ C ^ «?) for some l > 0, then, apart from 
( 12 ), it also satisfies the inequality 

ll/llc«»« c <ll/ll , +1 +i jl, . <‘3) 

H l 2 j (Q) 

where the constant C ; > 0 does not depend on /. 
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Indeed, for any vector a = (a lt . . a n ) with nonzero integer 
components, | a | ^ l, by (12) we have 


|P a /|| C (Q)<C||Z? a /|| 


1+ [t] 




(Q) 


H 




(Q) 


H 


l+l+ &U 


Summing these inequalities over all a, | a | ^ l, we obtain the 
inequality (13). 

o Z-l-i-i-1 “o”! 

Suppose now f£H (<?) and fm ( x ) > m — i, 2, ..., is 

a sequence of functions in C (Q) that converges to / in the 

j+i+r-9-i 

norm of H 1 2 \Q). By (13) 


II/m fs llc*(Q)'^-^' II /m /« ll 


r I+1 + lTl 


as m, s-v oo, that is, f m , m = 1,2, . . is a fundamental sequence 
in the norm of C l (Q). This means that the limit function / belongs 
to C l (Q). Passing to the limit, as m-^-oo, in the inequality 
11 frn llchc)^ 6 ' II fm II r n., , we see that the inequality (13) 

H 1-2 J(Q) 


.i+i+m 

holds for any / £ H 2 ( Q). 

Let f £ Hu*- ^ 2 ]((?)• Take any subregion Q' (g Q and construct 
the function t,(x) f C” (Q) which is equal to 1 in Q'. The function 

/• C 6 H _ ( Q ), so it belongs to C\Q), which means that / be¬ 
longs to C l (Q'). Since Q' is arbitrary, / belongs to C l (Q). Thus we 
have proved the following assertion. 

1+1 + It] / 

Theorem 2. A junction belonging to the space H\ oc (Q) belongs 

to the space C\Q), that is H loc ^ 2 ^ (Q) cz C l (Q). 

l + l + f-5-1 l+l + f".;*] m. 

Suppose now that / £ H 1 2 (0 and let dQ (E C . Then 

by the theorem on extension for (any) region Q', Q' 3> Q, there exists 

r n i 

a function F belonging to H 2 (0) that coincides in Q with /; 
moreover, || F II „, < C' II / II r „, , where the constant 

i+i+f-rl *+‘+Firl „ 

H 1 2 J (Q') H 12 J (Q) 
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C' does not depend on /. The function F £ C l (Q') and satisfies the 
inequality II F II F || ; i r^i (inequality (13) for the 

h + +L 2 (Q'l_ 

function F in Q'). Accordingly, / £C l (Q) and the inequality 




H 


* + 1 + It] 


(Q) 


holds. Thus we have shown the following theorem. 

J+i+MM i+ i+r-2-1 , _ 

Theorem 3. If dQ£C l2j , then H 12i {Q) cz C l {Q). 
Moreover, the inequality (13), where C > 0 does not depend on f, 

i+i + f-2-1 

holds for any function f£H (<?)■ 


§ 7. SPACES C r .° AND C 28 . 8 . SPACES H T > 0 AND H 2S ’ S 

We have so far examined function spaces (C k , H h , k = 0, 1, . . .) 
composed of functions whose differentiability properties were the 
same with respect to all the independent variables: for example, the 
space H k consists of all the functions belonging to L 2 whose all the 
generalized derivatives up to order k belong to L 2 . In the theory of 
differential equations one has to use also sets composed of functions 
whose differentiability properties differ with respect to different 
variables. In particular, the spaces of functions introduced below 
will be used in Chap. VI on parabolic equations. 

Let D be a bounded region in the space R n (x = (x u . . ., x n ) is a 
point in R n ) and Q T = {x £ D, 0 < t < T) a cylinder of height 
T > 0 in the space R n +i = R n X {— oo < t < oo}. 

1. Banach Spaces C r ’ 0 ( Q T ) and C 2s ' 8 (Q r ). We denote by C T ’ °((? T ), 
where the integer r 1, the set of all functions f (x, t) that are 

— q&i +»»»+ccnf 

continuous in 0 T together with the derivatives —-- - — for all 

dx? ... dx% n 

(nonnegative integers) a x , . . ., a„, a x + ... + a„ ^ r. 

We let C 2s ' 8 (Q t ), where the integer s^> 1, denote the set of 
functions / (x, t) that are continuous in Q T together with the deriva- 

q<xi+.. .an+frf 

lives ——-- —for all (nonnegative integers) a lt . . ., <x„, {J, 

dx ^ • •. dXy^ dt 

a x + . . . + a n + 2p ^ 2s. 

When r — 0 and s = 0, the spaces C r, ° ( Q T ) and C 2s,s (Q T ) will 
mean the space C°> 0 ( Q T ) = C (Q T ). 
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It is clear that the set C r ' 0 (<? r ), 0, is a Banach space with 

the norm 

a t +...+a„ 

/llc'.o ( g T) = 2 max | 

«j+. • .+a n =r Qt 


n f 


to" 1 . . . dx^ 


while the set C 2s ’ s ( Q T ), s^- 0, is a Banach space with the norm 


'C 2S > s (Q r ) — 


2 max 

a t +.. .+a n +2p^2s 


9 a i+-.-+ a n + Vf 


a, q»_. a 

dxi 1 .. . dx n n dtP 


2. Hilbert Spaces H r ’ °(Q T ) and JT 25 ’ s (Q r ). We denote by H r ' \Q t ), 
where the integer r ;> 1, the set of all functions f(x, t) that together 


with the generalized derivatives 


3 ai+ .. -+an 


for all (nonnegative inte- 


dx ... &r“ n 

gers) a u . . a n , a x + ... + a n < r, belong to L 2 (Q T ). Simi¬ 
larly, H 2s ’ s (Q t ), where the integer s 1, denotes the set of all 
functions / ( x, t) that together with the generalized derivatives 

d a i+- • *+ a n+P. 


n 1 <■, 

——^sfor all (nonnegative integers) a lt . . ., a n , |J, a t -f-. 

■ n A, p 


0x t ‘ ■ ■ ■ dx^n 0t 

... + a n + 2p ^ 2s, belong to L 2 ( Q T ). 

The space H r < 0 ( Q T ) with r = 0 and the space H 2S ’ 8 ( Q r ) with s = 
= 0 will mean the space H 0 -°(Q T ) = L 2 (Q T ). 

The following properties of the sets H r < 0 ( Q T ) and H 2S ’ s ( Q T ) are 
an immediate consequence of their definitions. 

1. The set H r ’°(Q T ), r ^ 0, is a Hilbert space with the scalar 
product 


(A S)h t >°(.q t )~ j 2 


g a l+• • •+ a n f /iH 




Q T « 1+ . . ,+a^r ^l 1 ■ • • K U ^l 1 •' • K n 


dx dt. 


while the set H 2S < S (Q T ), s ^ 0, is a Hilbert space with the scalar 
product 

(/. g)i 


-J 


v, 


a o 1 +...+ot n +P / 


3 a 1 + ---+“n +p 


Q t 20+a. + .. .+a„$2s to l l • • • dt ^ dx \ l ••• dt ^ 


dxdt . 


2. For any r and s, 0<r<2s, H 2s ' * (Q T ) cz H 2s ’ 0 (Q T ) cz H T ' 0 (Q T ). 
T r, 0 , 


. .. -i-oc 

3. If / (x, t) £ u (<? r ), then 6 U T ~ r ’- 0 («? r ) for 


<*i + ...+a„ = r'^r. 


to" 1 ... dx* n 
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4. If f(x,t)^H 2s - s (Q T ), 


a +.. •+“ 

then A--—-eff 2 ""' 1 ' (Q t ) 


„ a, „ a_ 

1 . . . 3x_ n I 


for a t +...+a n + 2§<;2s', where s'-^s. 

We shall now show that if the boundary dD of the region D is 
sufficiently smooth, then the functions belonging to H r ’° ( Q T ) and 
H 2S ’ S {Q t ) can be extended into a wider (than Q T ) region while 
preserving the smoothness. Namely, we shall prove the following. 

5. Suppose that D' is an arbitrary region in R n such that D D ', 
and t°, t 1 are any numbers satisfying the inequalities t° < 0, t 1 > T. 
Let Q' t o, <i denote the cylinder {x £ D', t° < t < t 1 }. If dD£C r , 
r^> 1, then for any function f£H r ’°(Q T ) there is an extension 
F £ H r '° (Qt°, (0 whose support is compact in Qt°,t l - Moreover, the 
inequality 


uh t < 


0 ,r,’ 


H r ’°(Q r y 


( 1 ) 


where the positive constant C does not depend on /, holds. If dD £ 
£ C 2a , s 1, then for any function /£ H 2S < S (Q T ) there is an exten¬ 
sion F 6 H 2S ' ‘ (Qto.tQ with compact support in Q[\t l \ moreover the 
inequality 


I’H 


2 s - s (Q ( \ n)< C 


H 


\Q t )' 


( 2 ) 


where the constant C > 0 does not depend on /, holds. 

The desired extension F of a function / belonging to H r » 0 ( Q T ) or 
to /7 2 *> * ( Q t ) is obtained in two stages: first, / is extended to F x 
through the curved surface of the cylinder Q T into a wider cylinder 
Qt — {x € D' i 0<t<T} of the same height T, and then the 
function F 1 is extended through the top {x £ £>', t = T) and base 
{x 6 D', t = 0} of the cylinder Qt. 

To construct the function F lt we employ the same technique as 
the one used in extending into D' a function belonging to H h (D) 
{see Sec. 4.2). We use the extension constructed there of functions 
belonging to a rectangular parallelepiped. 

Let II a , T , a > 0, denote the rectangular parallelepiped {| x t | < 
a, i — 1, ..., n, 0 < it < T} and ITJ, T , Ha, t the rectangular 
parallelepipeds {I x, I < a, i — 1, . ... n — 1, 0 < x n < a, 0 < 
< t < T) and {\ x t \ <L a, l = 1, . . ., n — 1, — a < x n < 0, 
0 < t < T), respectively. Suppose that the function z(x, f) 6 
€ C h (n^, t) for some k 1. The extension Z (x, t) of the function 
z (x, t) into the parallelepiped II ai T is defined in the parallelepiped 
IIa, t in the following manner: 

h+1 

Z(x, t)= 2 A iZ (x', —2jp- f t), (3) 

i=l 
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where x' = (a; l5 . . x n -j) and A ly . . ., A h + x is the solution of 
the linear algebraic system 
h+i 

2 a ‘(-tY =1 ' -=o, i, .... 

i=l 


While proving Lemma 1 in Sec. 4.2, it was established that 


Z (x, t) 

e C h (D 

a.r)> and 

for any a x , . . 

• > 

P. a i 

>0, . 

• •» 

p>0, 

a x + . 

■ ■ + oc n + P ^ k, 







5 a,+ .. 

•+“n+P z 

r 

a“* + 

• •• +0 z 





a*?*.. 

. dx an dfi 

TX 

S^. 1/ 

rp) 


... dfi 

i-idlj. 

» 

r> 


where the constant C > 0 does not depend 

on z. Therefore for 

any 

r ^ k 











II Z IIhM 

’(n a>r )< C ll z 

llfl r »°(nj i T) ’ 



(4) 

and for 

any s, 

2s^k, 










( n a, T)< C H Z 

IIh 2s . 4 

'<<T>’ 



(5) 


where the constant C > 0 does not depend on z. 

Since the set C°° (!!£, r) and hence also the set C k (IIJ, t) is 
everywhere dense in the space H r > °(IIJ, t) and in H 2S > ' (IIJ, x) for 
any k ^ r or k 2s, respectively (this is proved in exactly the 
same way as analogous assertions regarding the space H h ( D ), see 
Property 6, Sec. 4.1), and since these spaces are complete, it follows 
from what has been said above that any function z belonging to 
H r > 0 (IIJ, t ) or to H 2a < ‘(ILS, r) has an extension Z into II 0i t that 
belongs to # r >°(n o> t) or to H 2a <‘{ II a , T ), respectively; moreover, 
the function Z is defined in IIa, t by (3), and the inequality (4) or 
inequality (5) respectively holds. Arguing exactly in the same way 
as in the proof of Theorem 1 (Sec. 4.2), we obtain the function 
F x ( x , t) which is the extension of / ( x , t) into the cylinder Q'i\ fur¬ 
thermore, if j £ ETA (Q t ), then F x £ H r > 0 (<?r) and the inequality 

II ^ i Hn r > M ^HH r ’ 0 (Q r ) 


holds; if / 6 H 2 *> a (Q T ), then F 1 £ // 2 V ( Q’ T ) and the inequality 

|| Fi IIh 25 > II ^ llfl 2 *> *(Q t ) 


holds (the constants C u C 2 > 0 do not depend on /). What is more, 
F x — 0 in Qt\Qt, where Qt == {x £ F>", 0<i<?’} and D" is a 
region in R n such that D gfl' gr D'. 

We shall now construct the required extension F of / into the 
cylinder Q ' t0 , ( i. 
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When / 6 H T > 0 ( Q T ), for F we take the function equal to in 
Q't and to zero in Qto,ti\QT- Evidently, F belongs to H r i 0 (Q' t0 , ji), 
its support is compact in Qto,n, and it satisfies the inequality (1). 

When f £H ta < s (Q t ), then we define its extension F into the 
cylinder Qt°,v by putting F = t,(t)F 2 (x, t), where t,(t)£C°°X 

X(-oo, +oo), £(<) = 1 for *€(0, T), £(*) = 0 for*t>^- 

t° 

and for t < -y, while the function F 2 (x, t) is equal to F t (x, t) 

s+i 

in Q’ t , to 2 A *Fi(x, -^r ) in {x£D’, t° < F< 0} [and to 
1=1 

S+l 

2 A’F i (x, T- ) in {x£D\ T<t<t *}, where 

i=i 

, ..., A' s+I is the solution of the linear algebraic system of 

5 + 1 

equations 2 (-^o“) P = 1, p — 0, ..., s while .4', .. A’ s+i is the 

i=l 

s+1 

solution of the system 2 -) = 1' P — 0* •••, s - 

t = l 

Evidently, the function F £ H il ’ * (Q\« t t <). has compact support in 
Qt°, ti, and satisfies the inequality (2). 

Property 5 coupled with Lemma 1, Sec. 3.2, readily implies the 
following assertion (the corresponding assertion regarding the space 
H h was obtained in Sec. 4.3). 

6. If the boundary dD 6 C T , r ^ 1, then the set C°° (Q T ) is every¬ 
where dense in H T <° ( Q T ). If dD £ C 2S , s 1, then the set C 00 ((? r ) is 
everywhere dense in H is i* (Q T ). 

7. Let / (a:, i) 6 l? 1 ’ 0 (<?j) and S be an (n — l)-dimensional sur¬ 
face of class C 1 lying in D; in particular, S may coincide with the 
boundary dD of D. 

By Ps.r we denote the cylindrical surface {x( 5, 0 <. t <. T}; 
the curved surface Tan, t = {x £ dD, 0 <. t < T) of the cylinder 
Qt will be denoted by t T . 

By Property 6 (dD £ C 1 ), there is a sequence of functions f k , k = 
= 1, 2, . . ., in C 1 (Q T ) such that lim || f h — / ||„i 0 , o = 0. Since 

h-*oo {V T> 

the functions^/;, (x, t), k = 1, 2, . . ., regarded as functions of x, 
belong to C 1 (D) for any t 6 [0, T), the inequalities 

Wfh-f, IIL(S)< C 2 |j /ft -/, ||ir. (D) , *,5=1,2. (6) 
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hold for any t £ [0, T] in which the positive constant C depends only 
on the region D and the surface S (see inequality (3), Sec. 5.1). In¬ 
tegration of (6) with respect to t £ (0, T) yields the inequalities 

l|/ft / s |k(r SiI ,)<C||/ ft f a || H -i i O(q^), k, s=l, 2, .... 

Since f h , k — 1, 2, . . ., is a fundamental sequence in // 1 >°(@ r ), 
the last inequalities imply that the sequence of values f h | (3Ci t)er s T , 
k = 1, 2, . . ., of these functions on T s iT is fundamental in 
L a (r Si t)- Accordingly, there exists a function fa g T 6 CTs, t) to 
which the sequence /& |(*,oer s T , k = 1, . . ., converges in 
I“i (r s> T ), and by repeating the arguments of Sec. 5.1, it can be 
easily shown that the function /r s T does not depend on the choice 
of the sequence f h , k — 1, 2, . . ., which approximates the function/. 

It is natural to call the function fr s T the trace of function f (be¬ 
longing to H l > 0 (Q t )) on the cylindrical surface T Si T and denote it 
hy /|r SiT - 

As in Sec. 5.1, it is easily shown that 

II / lk(r Si r ) < C || / llffi, o ( Q y) 

(here II / ||L,(r s> T ) = II / llr s> T lk(r s> r >), where the constant 
C > 0 does not depend on /. 

Note that if njt is a bounded set of functions in H x ' °(<? r ), then, 
by the last inequality, the set M' of traces of these functions on 
r s , T is bounded in L t (r s> T ) but, in contrast to the case of the 
space is not compact. 

The above notion of trace enables us to extend the formula of 
integration by parts to functions belonging to H 1 '°(Q T ). Namely, 
for any two functions / and g in H 1 ' 0 ( Q T ) there holds the formula 
of integration by parts (Ostrogradskii’s formula) 

| f Xl g dxdt = j fgn t dS dt — j fg x . dx dt, 

Qj Q<p 

where n t is the ith component of the ^-dimensional (unit) vector 
which is outward normal to the surface dD, i — 1, 2, . . ., n, and 
the functions f and g present under the integral sign over the curved 
surface T r of the cylinder Q T are traces of functions / and g on T r . 
This formula can be easily proved (compare Sec. 5.2) by approximat¬ 
ing in H 1 ' 0 ( Q t ) the functions / and g by functions belonging to 
CHQ t ). 

If / 6 tf r >° (Q t ), r 1, then any derivative of this function with 
respect to x lt . . ., x n of order less than r has the trace on the 
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curved surface T r of the cylinder Q T . If / £ H 2S ' s ^ 1, then any 

• • • + O&71 + 0* 

derivative — --— -s- , a, + . . . + a n + 28 <; 2s, has the 

aef*... dxl n dfi 1 ' 

trace on the curved surface T r of the cylinder Q T . 


§ 8. EXAMPLES OF OPERATORS IN FUNCTION 
SPACES 

1. Integral Operators. Fredholm Integral Equation. Let Q be a 
bounded region in the n-dimensional space R n . On Q X Q we consi¬ 
der the measurable function K ( x , y). Assume that the function / (y) 
is such that K (x, y) f (y) £ L x (Q) for almost all x £ Q (for instance, 
/ = 0). With every such function / (y) we associate a function 

g (as) = j K (x, y) f (y) dy. (1) 

Q 

This mapping can be regarded as an operator (linear, obviously) 
from L x (Q) into L x (Q), from L 2 (i Q ) into L 2 ( Q), from C ( Q) into 
C (Q) and so on. The function K (x, y) is referred to as kernel of 
this operator. Of course, this operator may not be defined on the 
whole space, for example, for the operator from C (Q) into C (Q) the 
domain of definition is the set of all those functions in C ( Q) for 
which g(x) 6 C(Q). However, if the kernel K (x, y) £ C (Q X Q), 
then, as can be easily seen, this operator is defined everywhere (in 
L x (Q), L 2 (0, C (0) and is bounded. 

We shall examine the operator defined by formula (1) wit h the ker - 
nel K {x, y) = K 0 (x, y) | x — y f where K 0 (x, y) £ C (Q_x Q) 
and 0 ^ a < n, regarded as an operator from C (Q) into C (Q) and 
as an operator from L 2 (0 into L 2 (0; in both cases it will be de¬ 
noted by K : 

g = Kf. (2) 

The operator K is called the Fredholm integral operator. According 
to the results of Sec. 1.12, Chap. II, for any function / € C (Q) the 
function g £ C (Q). This means that the operator K from C (Q) 
into C (0 is defined on the whole of C (Q). 

Since the functions f | K (x, y) \ dy and j | K {x, y) | dx are 

Q Q 

continuous in Q, they are bounded, that is, 

A = max |max \ | K (x, y)\dx, max \|A(x, y) | dy\ < oo. (3) 

11-0594 
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Because for any point x £ Q 

kWKII/llcw) ( 

Q 

so || g llc ( Q)^^ II /Hc(Q)’ w ^ich implies that the operator K from 
C (Q) into C (Q) is bounded and ||.ff||<;,4. 

Let / (x) g L 2 ((?) • The functions | f (y) | 2 j | K (x, y)\dx and 

Q 

^ | K (x, y)\dx belong to Li(Q) (the latter even to C(Q)), therefore,. 
Q 

by Corollary to Fubini’s theorem, the functions K (x, y) | f (y) | 2 
and K (x, y) belong to Li(QxQ). This means that the function 
K(x, y)f(y) also belongs to Li(QxQ), since | K (x, y) f (y)| < 

\K (x, y )\ — | K {x^y ^11 / (y) I . _ Then by Fubini’s theorem the 

functions g (x) = j K ( x , y) f (y) dy, j | K (x, y) | dy and J | K (x, y) | x 

Q Q Q 

x\f(y) | 2 dy belong to L 4 ((?). For almost all x£Q we have the 
inequality 

|g(*)P< jlX(x, y)ldy.jlK(x, y)\\f(y)l 2 dy 
Q Q 

J \K(x, y)\\f (y) | 2 di/r 


implying that g (x) £ L 2 (Q). Integrate this inequality over Q and 
apply Fubini’s theorem to obtain 



= A j | / (y) p ( [ | K (x, y) \ dx ) dy^ || / ||l, (Q) . 
Q Q 


Thus the operator K from L 2 ( Q ) into L 2 (Q) is defined on the 
whole of L 2 (Q), is bounded and || K || A. 

Lemma 1. The operator K acting from L 2 (Q) into L 2 (Q) is com¬ 
pletely continuous. The operator K acting from C (Q) into C (Q) is 
completely continuous. 

Proof. 1. We first consider the operator K acting from L 2 ( Q) into 
L 2 (Q). The function K N (x, y) defined for any TV > 0 as follows 


K n {x , p) = 


K(x, y) 
K 0 (x, y)N* 


when \x — y\^N~ l 
when | x — y | *< N~ l 
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belongs to C (Q X Q). Since for any point x £ Q we have the in¬ 
equality 


j|Z(x, 

y 


y) — K n (x, y) | dy 


erm*-Fi<w-> 1 

f *»—= B f -i£- 

J .. - ... L . IS1“ 


|*-V|<N- 


JV-i 


ptx+i-n (n — a) N n ~ a 


where B — || K 0 || cIqxq) ando„is the surface area of the (ra — 1)- 
dimensional unit sphere, given an e > 0 we can find an N such that 

max f | K(x, y) — K N (x, */)|dp<-|-. 

*£Q q 

Because [K N (x, y) £ C(Q x <?), there is a polynomial P(x, y) such 
that | P(x, y) — K n (x, y) \ <yj^y for all (x, y)£QxQ. This 
implies that 

max f \K(x, y) — P(x, y) | dt/<max \| K(x, y) — K N (x, y) dy 

*£Q $ xPQ q 

+ max f | K n (x, y) — P(x, y) |dp<-|--f-|- = e. (4) 

*£Q q 

Similarly, it can be shown that 

max f | K(x, y) — P(x, y)\dx<e. (4') 

»£Q q 

The polynomial P(x, y) and the function G(x, y) = K(x, y) — 
— P(x, y) = K o( x ’y)— p ( x ,y)\x—y 1 can j, e regarded as kernels of 

I*— y\ 

integral operators of the type (2); we denote them by P and G, res¬ 
pectively. Moreover, we have the relation 

K = P + G, 

and, by (4) and (4'), the estimate 

lie II< e. 

11 * 
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Thus the operator K has been expressed as the sum of an operator 
G with arbitrarily small norm and the finite-dimensional operator P 
(this operator transforms L 2 (Q) into the set of polynomials whose 
degrees do not exceed that of P(x, y)). Therefore, by Theorem 4, 
Sec. 3.9, Chap. II, the operator K is completely continuous. 

2. We now examine the operator K acting from C(Q) into C(Q). 
Because K is bounded, it maps a bounded set in C(Q) into a 
bounded set q/K'. According to the results of Sec. 1.12, Chap. II, 
given an e > 0 a S >0 can be found such that 

f | K(x', y) — K(x", y) | dy < e whenever \ x' — x" | < 5. There- 

«/ 

Q 

fore for | x' — x" | < 8 

y)~K{x\ y)||/(p)|dy<8 ||/|| C(5) . 

Q 

Thus the set <M' of functions continuous in Q is uniformly bound¬ 
ed and equi-continuous. Hence, by Arzela’s theorem, this set is 
compact. | 

The equation <p = pA^p + /, where p, is a complex parameter and 
K the Fredholm integral operator, that is, the equation 

<p(x) = \i < \ j K(x, y)(p(y)dy + f{x), (5) 

Q 

is known as the Fredholm integral equation (of the second kind). 

We shall examine Eq. (5) in L 2 (Q) (/ £ L Z (Q) and the desired 
solution <p will be sought in L 2 (Q)). 

In view of Lemma 1, Fredholm’s theorems (Secs. 4.3-4.7, Chap. II) 
are applicable to Eq. (5). In particular, if p is not a characteristic 
value of the operator K (such numbers are at most countable), there 
exists a bounded operator (I — pA)' 1 , that is Eq. (5) has a unique 
solution 6 L 2 {Q) with any free term / £ L 2 (Q). 

If the kernel K (x, y) is such that K {x, y) = K (y, x), the operator 
K from L 2 (Q) into L 2 (Q) is selfadjoint. 

In fact, by Fubini’s theorem, 

(K<p, q) Lt (Q) = { J K(x, y) 9 (y) dy ip(x) dx 

Q Q 

= £ <p(y) () K (*1 y) 1 1 5 ( x ) dx j dy 

Q <3 _ 

= j <P (y) ( j K (y, x)1f(x)dx} dy = ( 9 , A 9 )x, j(<3) 
Q Q 

for any 9 , 6 L Z {Q). 
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Therefore all the results obtained in Sec. 5 of Chap. II for a gen¬ 
eral completely continuous selfadjoint operator are also true for the 
operator K. In particular, all the eigenvalues and characteristic 
values of K are real and there exists an orthonormal basis composed 
of eigenfunctions of this operator for the space L 2 (Q) (Corollary 2 to 
Theorem 2, Sec. 5.2, Chap. II). 

2. Differential Operators. Suppose that in an n-dimensional region 
Q there is defined a bounded measurable function a a (x ) for every 
vector a = (a l5 . . ., a n ), with the integers a,- 0 , i — 1 , . . ., n, 

| a k, where k 1. A linear operator acting from L 2 {Q) into 
L 2 (Q) that associates with the function / the function 

(«/)(*)- 2 a a (x)D a f(x) ( 6 ) 

|a|$fc 

is called the linear differential operator (from L 2 {Q) into L 2 (Q)). 
It will be assumed that the operator X is of order k, that is, at least 
one of the coefficients a a (x) is different from zero for | a | = k (the 
set where a a (x) 0 is not a set of measure zero). 

The operator X is, of course, not defined on the whole of L 2 {Q). 
Nevertheless, the set of functions / for which expression (6) makes 
sense (D“/ is the generalized derivative) contains H h {Q). Accord¬ 
ingly, H k ( Q ) can be taken as the domain of definition of X. 

If all the functions a a (x ), | a | ^ k, are continuous in Q, for¬ 
mula ( 6 ) also defines a linear operator from C{Q) into C{Q) (the 
linear differential operator from C(Q) into C(Q)). In this case as 
the domain of definition of X one can take C h (Q). 

A particular case of X acting from L 2 {Q) into L 2 (Q) (from C(Q) 
into C(Q)) is the operator D a , j ot | = Ar, that associates with / in 
H k (Q) (C h (Q)) its generalized (classical) derivative. The operator 
D a from L 2 (Q) into L 2 (Q) is unbounded, because the sequence 

fm( x ) = e im( - x '+- ••+*«), m — 1, 2, . . ., of functions in H h (Q) 

which is bounded in L 2 {Q) (|| f m l!z.,<Q) = "^1 Q |, m — 1 , 2, . . .) is 

mapped into the sequence g m (x) — (im) la, e im(x ' + -"+ Xn \ m = 

= 1, 2, . . ., unbounded in L 2 {Q) (|| g m || L> ( Q) = ml«i oo 

as m-> oo). 

It can be similarly shown that the operator X, k 1, from L 2 {Q) 
into L 2 (Q) is also unbounded, and so are the operators D a and X 
from C((?) into C{Q). 

If X is regarded as an operator from H h (Q) into L 2 (Q) or from 
C h (Q) into C(Q), then it is bounded, because for any / £ H h (Q) 

(c h m 

II Xf ||L,(Q)<const || / || H ft W) (|| Xf || C( Q,<const || / H^). 
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PROBLEMS ON CHAPTER III 

1. A ball S = {|| x || < 1} in a Banach space is said to be strictly convex 
if for any points x and y, x y, on the unit sphere || x || = || y || = 1 and any 
a £ (0, 1) the point ax -f- (1 — a) y 6 S, that is^ || ax + (1 — a) y || < 1. 

Is the unit ball strictly convex in spaces C(Q), Ly(Q), L 2 (Q )? 

2. Let x be a point on the unit sphere in C(Q) (LJQ)). Find the set of all 
points y on the unit sphere such that all the points of the segment ax + (1 — a)y, 
0 a <1 1, lie on this sphere. 

3. The set C k (Q) is a linear manifold in C h (Q). Denote by C h (Q) the clo¬ 
sure of this set in the norm max ^ \D a f{x)\: C h (Q) = C k (Q). What func- 

x£Q | a 

tions is C k (Q) composed of? 

4. Show that if dQ£C h , then i C°°(Q) is everywhere dense in C h (Q). 

Let B be a Banach space, and <M, JIT its subspaces. We say that B is the 
direct sum of M and Jf‘: B = if any element / of B is uniquely expressed 

as the sum /i+/ 2 , where /i ’£ cM and / 2 £ jf. If the Hilbert space H = 
and all _l jf, then <M (Jf) is called orthogonal complement of Jf (M) in H. 

5. Express C k ([a , 6]) as a direct sum of the subspace C k ([a, 6]) and a sub¬ 

space JIT. Find the dimension of Jf. 

6. The set of functions belonging to L 2 (Q) that vanish (a.e.) in Q', Q' cz Q, 
is a subspace of L 2 (Q). Find its orthogonal complement. 

7. Consider the function f ( x) — r®<p in the plane x — (xy, x 2 ) — (r cos q), 

r sin <p), 0 <; q> < 2 jt. For what a does the function / belong to IPiQ), where Q 

is (a) the disc {r < 1}, (b) {r < 1, q> ^ 0}? 

8. Suppose that the sequence of functions f m (x), m — 1, 2, . . in C k (Q) 
converges weakly in L 2 (Q) to a function / and the sequence D a f m , m — 1,2, . . ., 
for some a — (a lt . . ., a n ), | a | = k, is bounded in L 2 (Q). Show that f has 
generalized derivative D a f. 

9. Suppose that the sequence of functions f m {x), m — 1, 2, . . ., in C l (Q) 

converges weakly in L 2 (Q), and the sequences i=l, . .., n, m — 1, 2, ..., 

OXi 

are bounded in L 2 (Q). Show that the sequence f m ,m — 1, 2, . . ., converges 
strongly in L 2 (Q). Give an example of a sequence that satisfies the formulated 
conditions but is not compact in ^(Q). 

10. Show that if the sequence of functions f m (x), m = 1, 2, . . ., in C k (Q), 

k ^ 1, converges weakly in L 2 (Q) to a function f and for all a — (a t , . . a n ), 

I a I = Ml D a f m H Lt(Q) < const, m = 1, 2, . . ., then (a) / £ H k (Q), (b) the 

sequence f m m = 1, 2, - . ., converges to / strongly in H h ~ l (Q). 

11. Prove that for any function f(x) £ H k (K) (f(x) £ C k ( K )), where K is an 
re-dimensional cube, there is an extension F(x ), with compact support, into 
a wider region Q, QW K, that belongs to H k {Q) (C k (Q)), and satisfies the 
inequality || F|| k < C || / || h/T . where the constant C > 0 does not 

H (Q) H (K) 

depend on /. 

12. Let x° be a point in a region Q of the re-dimensional space R n , n > 1. 
Show that the closure of the linear manifold of functions that are continuously 
differentiable in Q and vanish in some neighbourhood (different for different 
functions) of x° coincides with IP-(Q). 
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13. Show that the set H l (a, b) of all functions / g H x (a, b) for which /(o) = 
= / (6) is a subspace of the space H x (a, b). Show that H x (a, b) c= H l (a, b) cz 
cr H x (a, b). Find the orthogonal complement of H x (a, b) in H l (a, b) and that 
of II 1 (a, b) in H l (a, b), and construct orthonormal bases for the spaces H x (a, b), 
H x (a, b) and H x (a, b). 

Let a function / g L 2 (K), where K is the cube {| xi | < a, 1=1, . . re}. 
According to Fubini’s theorem, for almost all x n = £ g (—a, a) the function 
f(x' ,£) is defined and belongs to L 2 (K'), where K' is the (re — l)-dimensional 
cube {| x t | < a, i = 1, . . re — 1}. This function will be referred to as the 
value of / on the section K f| {x n = !}• Similarly, for almost all x' = 6' g K" 
a function /(£', x n ) is defined and belongs to L 2 (—a, a). This function will be 
referred to as the value of / on the section K f| {*' = !'}• 

For a function / g H X (K) there exists the trace f\ x _g, for all x n — | g 

g [—a, a], belonging to L 2 (K'). 

14. Prove that if / g H X (K), then for almost all i' g K' its value /(£', x n ) 
on the section X f] {*' = £'} belongs to the space H x (—a, a), for almost all 
£ g (—a, a) its trace f\ n _g and its value fix’, £) on the section K f| i x n — 1} 

belong to IP-(K'). 

15. Prove that the set of traces of all functions in II 1 (Q) on an (re — l)-di- 
mensional surface S cz Q does not coincide with L 2 (S). 

16. Prove the following assertions: 

(a) If f g H X (Q), then | / | also belongs to H X (Q), 

(b) If the functions / x , . . ., fx belong to H 1 (Q) , then the functions 
max (/ lt . . ., Lv) and min (/ x , . . ., fx) also belong to H l (Q). 

17. We shall say that a function f(x) belongs to the class C a (Q) for some a, 


0 < a < 1, if for any strictly interior subregion Q’, Q’<& Q, there is a constant 
C = C(Q’) such that for all points x , x" in Q' the inequality | f(x') — f(x"f | <; 

C | x' — x" | a holds. If this inequality holds with some constant C for all 
x', x" in Q, then we say that the function f (x) belongs to the class C a {Q). 
[- 1+1 

Show that if /g£T l0 2 c (Q) ( Q is an re-dimensional region), then / g C“ (Q) 


for any a<[re/2]-(-l — re/2, and if & 2 

ill +i 


[*]+*.„ - .. Jil+t 


(<?) or /gfl 


( Q) and 


dQ^C'^' , then /gC a (<?) for any a<[re/2]-j-l —re/2. 

.*+ 1 + [|] 


(<?)(<? 


is an re-dimensional re- 


18. Prove that any bounded set in H 

*+ 1 + ra \ 

gion, dQ g C /is compact in C h (Q). 

19. Suppose that the functions k(x), a(x), p(x) belong to C(Q), a(x) g C(dQ), 
k (x) > 0, a (x) ^ 0, p (x) > 0 in Q, a (x) ^ 0 on dQ. Show that the bilinear 
form 


Wi (/, g)~ f (kVfVg + afg) dx- f- ( j pfdx j ( j Pgdxj 

Q Q Q 

with a + p ^ 0 and the bilinear form 

W 2 (/, g) = j (kVfVg+afg)dx + (I af dS W og dS j 


9Q 


00 
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when either a £ 0 or a £ 0 defined on H 1 (Q) determine scalar products in 
H 1 (Q) which are equivalent to the scalar product 


(/. S)m(Q)— j (V/Vg+/g) dx. 


20. Suppose that the function k(x) £ C 2 ([0, 1J) and k{x) > 0 for x > 0. 
By H h (0, 1) denote the completion of the set of functions in C 1 ([0, 1]) vanishing 

l 

for x = 1 in the norm generated by the scalar product*] ^ k(x) f'{x) g'(x) dx. 

o 

Prove that H h ( 0, 1) cr L 2 ( 0, 1) if and only if lim k(x) -x~ 2 > 0. 

*-*+o 

21. Show that the scalar products (/, gV—j 2 £ ><x fD a g dx and (/, g)" — 

Q |GC|5fc 

= | 2 D a fD a gdx are equivalent in the space H h (Q). 

Q |a|=ft 

22. Let /6^2(0, 1). The linear functional lj{u) = (/, u) L ^ is bounded in 
H h { 0, 1) for any 0. By Riesz’s theorem, there exists (a unique) element 

F £ H k ( 0, 1) such that lAu) — (F, u) for all 0,1). Find F and 

H"<0, l) 

show that F £ H h (0, 1) fl H 2k (0, 1). (For scalar product take (a) (/, g)— 
l l V 

= j F k >g <h idx, (b) (/, g)= ^ (l {h) g' h) +jg) dx, where f h) = . j 
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CHAPTER IV 


ELLIPTIC EQUATIONS 


§ 1. GENERALIZED SOLUTIONS OF BOUNDARY-VALUE 
PROBLEMS. EIGENVALUE PROBLEMS 

1. Classical and Generalized Solutions of Boundary-Value Problems. 
Suppose that in an n-dimensional region Q there is given the elliptic 
equation 

Xu == div (k(x) yu) — a{x) u = f(x), (1) 

whose coefficients are real-valued and satisfy the conditions 

a(x) € C(Q), k(x) 6 C\Q)-> H x ) k 0 > 0 f° r all x £ Q. 

The function u(x) and the free term /( x) of the equation may be, 
in general, complex-valued. 

A function u(x) belonging to C 2 (Q) f) C(Q) is called a ( classical ) 
solution of the first boundary-value problem or the Dirichlet problem 
for Eq. (1) if it satisfies Eq. (1) in Q and the condition 

U\dQ = <p(z), (2> 

where <p(£) is a given function, on the boundary 8Q. 

The function u(x) 6 C 2 (Q) fl C\Q) is called a ( classical) solution 
of the third boundary-value problem for Eq. (1) if it satisfies Eq. (1) 
in Q and on the boundary dQ the condition 

(-£-+ a ^ u )L ==(p(a:) ’ (3 > 

where a(x) £ C(dQ) and tp (x) are given functions. It will be as¬ 
sumed that o(x) 0 . 

If the function o (x) in (3) is identically zero, then the third bound¬ 
ary-value problem is termed the second boundary-value problem or 
the Neumann problem. 

When n — 1, Eq. (1) becomes an ordinary differential equation 
Xu = (k(x) u')' — a(x) u — f(x). (lj) 
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The region Q in this case is an interval (a, (3), while the boundary 
conditions of the first and third boundary-value problems are, res¬ 
pectively, of the form 


and 


W |x=a —- <Po> W |oc=3 — <Pi 

(~u' + a 0 u) | x=a = <p 0 , ( u ' 4-Ojw) |* = p = <p lt 


(2i) 

(3i) 


where tp 0 , <p x , a 0 0 , a x 0 are some given constants. 

Suppose that the function u(x) is a classical solution in Q of the 
first boundary-value problem (1), (2). We multiply (1) by an arbit¬ 
rary function v(x) £ C 1 (Q) and integrate the resulting identity 
over Q. By means of Ostrogradskii’s formula, we obtain 

j (kVu Vv + auv) dx= — j/ydx (4) 

Q Q 

(the integral over the boundary dQ vanishes, because v has compact 
support). 

If we additionally assume that the partial derivatives of the solu¬ 
tion u x . 6 L 2 {Q), i — 1, . . ., n, that is, that u(x) £ H\Q) and 
f(x) £ L 2 (Q), then the integral identity (4) holds not only for all 
v(x) £ C 1 ^) but also for all v £ To see this, we consider 

o 

any function v 6 H X (Q) and a sequence of functions v h (x), k — 

= 1,2, . . ., in C^Q) that converges to v in the norm of H 1 (Q). The 
identity (4) holds for each of v k (x). Letting in this k -> oo, we find 
that the identity (4) holds for v also. 

Thus, if / 6 L 2 (Q), the classical solution u of the problem (1), (2) 
belonging to the space bT 1 ^) satisfies the integral identity (4) for 

all veH'iQ). 

We introduce the following definition. 

A function u £ H X (Q) is called the generalized solution of the prob¬ 
lem, (1), (2) with / £ L t (Q) if it satisfies the identity (4) for all 

o 

6 H 1 (Q) and the boundary condition (2). In the boundary condi¬ 
tion ( 2 ), the equality is understood as the equality of elements of 
Li (dQ), and u|gQ is the trace of u. 

Note that the above definition of a generalized solution is not a 
complete generalization of the corresponding classical notion, 
because in order that a classical solution u(x) be a generalized solu¬ 
tion it should be subject to additional conditions of “integral char¬ 
acter”, namely, it must be such that u £ H\Q) and Xu £ L 2 (Q), 
where X is the operator in (1). 

In an analogous manner one can introduce the notion of general¬ 
ized solution of third (second) boundary-value problem for Eq. (1). 
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Suppose that the function u(x) is a classical solution of the third 
boundary-value problem (1), (3). Assume that the right-hand side 
f(x) of Eq. (1) belongs to L 2 {Q) and the function <p(x) present in the 
boundary condition (3) belongs to L 2 (dQ). We multiply (1) by an 
arbitrary function v (x) 6 H 1 {Q) and integrate the resulting identity 
over Q. Then Ostrogradskii’s formula yields the integral identity 

j (kVuVv + auv) dx+ j kauvdS =— ^ fvdx-\- j kqivdS, (5) 

Q d Q Q dQ 

which is satisfied by the classical solution u(x ) for all v(x) 6 H\Q). 
We now introduce the following definition. 

The function u £ H\Q) is termed a generalized solution of the 
third ( second , if o (x) = 0) boundary-value problem for Eq. (1) with 
f 6 L t (Q), <p 6 L 2 (dQ), if it satisfies (5) for all v 6 H 1 (Q). 

In defining the generalized solutions the functions v in identities 
■{4) and (5) were assumed to be complex-valued, but they may as 
well be assumed real-valued. Indeed, if the function u 6 H\Q) 
satisfies, for example, the identity (4) for all complex-valued func- 

o 

tions v £ H^Q), then it obviously satisfies the same identity for 

o 

all real-valued v 6 H\Q). Conversely, if the function u £ H\Q) 

o 

satisfies (4) for all real-valued v £ H^Q), then the same identity 
holds also for any complex-valued v = Re v i Im v belonging to 

o 

. H 1 (Q ), because it holds for functions Re v and Im v belonging to 
H'(Q). 

Note that we have, in fact, already encountered (Sec. 3.1, Chap. I) 
generalized solutions of boundary-value problems for Eq. (1) (in 
the two-dimensional case) in deriving the equilibrium conditions of 
a membrane: the integral identities (4) and (5) appearing in the 
definition of generalized solutions coincide with the identities (4) 
and (1) of Sec. 3.1, Chap. I. 

The definitions of generalized solutions of boundary-value problems 
for Eq. (1) apply equally well to one-dimensional case. A function 
u £ H 1 (a, P) satisfying the boundary conditions (2j) (from Theo¬ 
rem 3, Sec. 6.2, Chap. Ill, it follows that u £ C([a, p])) is a general¬ 
ized solution of the first boundary-value problem for Eq. (1^ if for 

any v 6 H\a, p) 


e p 

j ( ku'v' + auv) dx = — J fv dx. (4 4 ) 

a a 
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A function u £ H\ a, P) is a generalized solution of the third (sec¬ 
ond) boundary-value problem for Eq. (lj) if for any v £ H x {a, P) 

P 

j (ku'v' -f auv) dx + k (P) o x u (P) v (P) k (a) o 0 u (a) v (a) 

a 

P 

= —j fv dx-\-k (P) (fit; (p) -j-A: (a) (p 0 v (a). (5 t ) 

a 

The present section is devoted to the study of generalized solu¬ 
tions of boundary-value problems. Since the generalized solutions 
are elements of the Hilbert space H 1 (Q), the general results of 
Chap. II will be widely used. 

The investigation of classical solutions of the boundary-value 
problems is a considerably more difficult problem and it is natural to 
divide this into two simpler problems: first, the generalized solution 
is constructed, and then by establishing (under appropriate condi¬ 
tions) its smoothness it is shown to be a classical solution. The smooth¬ 
ness of generalized solutions will be proved in the next section. 

2. Existence and Uniqueness of Generalized Solution in the Sim¬ 
plest Case. To examine the questions of existence and uniqueness of 
generalized solutions of boundary-value problems, it is convenient to 
start with the case when the boundary conditions are homogeneous 
(that is, <p = 0). By definition, a generalized solution of the bound- 

o 

ary-value problem (1), (2) with <p = 0 is the function u 6 H X {Q) 
satisfying for all v 6 H\Q) the integral identity (4): 

j (kVu 'Vv + auv) dx= — j fvdx 

The generalized solution of the third (second) boundary-value prob¬ 
lem (1), (3) with (p = 0 is the function u £ #*(0 satisfying for all 
v £ H\Q) the integral identity 

J (&Vu Vu + auv) dx-\- j kouv dS = — j fvdx. (6) 

Q dQ Q 

Suppose that a(x) 0 in Q. Then, by Theorem 6, Sec- 5.6, 
Chap. Ill, a scalar product 

( u , y)^, (Q) = J (&Vu Vu-f auv)dx, (7) 

equivalent to the usual scalar product ((u, v) = j ( S7u S/v -f uv) dx'j 

Q 

can be introduced in the space H 1 (Q). Using this, the identity (4) 
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may be put in the form 

(». v hHQ) = y)il(Q) ' (8) 

For a fixed / £ L 2 (Q) (/, u)l,(Q) is a linear functional on *((?), 
v 6 H l (Q). Since 

I (/. v)l,(Q) KHZ ||l,(Q) || y ||l.W)<C|| / ||l,(Q) || i> ||^ 1(Q) 

in which the positive constant C does not depend on / and v, this 
functional is bounded and its norm does not exceed C || / ||l,(Q>- 
By Riesz’s theorem (Theorem 1, Sec. 3.2, Chap. II), there is a 

function in H 1 (Q) such that (/, u) Ll (Q) = (F lt V )^ Q) for all v 6 

o 

£ H 1 (Q). Such a function is unique and satisfies the inequality 

H Ik,™ ^ c H / IIl 2 « 3 )- Accordingly, in H\Q) there is a unique 

function u = F x satisfying the identity (8). 

Thus we have proved the following theorem. 

Theorem 1. If a(x) >• 0 in Q, then for any f £ L 2 (Q) there exists 
a unique generalized solution u of the problem (1), (2) ( with q> = 0). 
Moreover, 


ll“W» <Cil/lk(Q) ’ (9) 

where the positive constant C does not depend on f. 

If a (x) 0 and at least one of the functions a(x) or a(x) does 

not vanish identically, then, by Corollary to Theorem 5, Sec. 5.6, 
Chap. Ill, the scalar product 


(u, v)h'(Q) = j (kVu Vv + auv) dx + j kauv dS, 

C 8Q 


( 10 ) 


equivalent to the usual scalar product, can be introduced in H 1 (Q). 
Therefore identity (6) can be rewritten as 


(u, u)h»(Q)=— (/» v)l,(q >• (11) 

Since for a fixed / £ L 2 ( Q ) the functional (/, u)l,(Q), which is li¬ 
near in v e HHQ), is bounded: | (/, v) Lt(Q) | < || / H^.cq) || v ||i,,(Q) < 
^ C || / ||n,(Q) II v |Ihi(Q)> where the constant C > 0 does not depend 
on / or v, by Riesz’s theorem there is a unique function F 2 in H 1 (Q) 
such that (/, u)l i( q) = — (F 2 , v) H i(Q) for any v £ H X (Q), and 
II F 2 llffi(Q) ^ C || / ||i, 2 (Q). Therefore in H l (Q) there exists a unique 
function u — F 2 satisfying (11). 

Thus we have proved the following theorem. 

Theorem 2. If a(x) 0 in Q and at least one of the functions a(x) 
or o(x) does not vanish identically , then for any f £ L 2 (Q) there 
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exists a unique generalized solution u of the problem (1), (3) ( with 
<p = 0). Moreover, 

IM|tf‘(Q)< c |l/||£*(0)> (12) 

where the positive constant C does not depend on f. 

Remark. If / is a real-valued function, then the solutions of the 
boundary-value problems obtained in Theorems 1 and 2 are also 
real-valued. Indeed, let u — Re u 4- i Im u be the generalized 
solution of one of these boundary-value problems. Since the coef¬ 
ficients of the equation and the function / are real-valued, from (4) 
(or (6)) it follows that the function Re u is also a generalized solu¬ 
tion of the same problem (the function v in (4) and (G) may be con¬ 
sidered real-valued). The uniqueness of the solution implies that 
u — Re u. 

3. Eigenfunctions and Eigenvalues. A nonzero function u(x) is 
called an eigenfunction of the first boundary-value problem for the 
operator X = div (k(x) V) — a{x) if there exists a number k such 
that the function u (x) is a classical solution of the following problem: 

Xu = ku, x (E Q, (13) 

u| S q = 0. (14) 

The number k is called the eigenvalue (corresponding to the eigen¬ 
function u(x)). 

It is obvious that to every eigenfunction there corresponds only 
one eigenvalue but not vice-versa. In particular, if u(x) is an eigen¬ 
function, then so is the function cu(x) for any constant c 0 cor¬ 
responding to the same eigenvalue. Accordingly, we may consider 
eigenfunctions normalized, for instance, by the condition || u !!l,(Q) = 
- 1. 

Let k be an eigenvalue and u(x) an eigenfunction of the first 
boundary-value problem, and let u(x) 6 H'(Q). Multiplying (13) 

by an arbitrary v £ H 1 (Q) and integrating the resulting equation 
over Q, we obtain the integral identity 

j (kS7u'Vv-\-auv) dx— — k^uvdx (15) 

Q 0 

o 

which is satisfied by u for all v (E IP{Q). 

A nonzero function u 6 IP(Q) is called the generalized eigen¬ 
function of the first boundary-value problem for the operator X if there 
is a number k such that the function u satisfies the integral identity 

(15) for all v 6 H 1 (<?); the number k is called the eigenvalue (corres¬ 
ponding to the generalized eigenfunction u). 
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It will be assumed that || u = 1. 

A nonzero function u(x) is called the eigenfunction of the third 
(, second) boundary-value problem for the operator X = div (k(x) V) — 
— a(x) if there is a number a (the eigenvalue corresponding to u(x)), 
such that u(x) is a classical solution of the following problem 

Xu —Xu, x£Q, 

(-£ + «*> 

As is easy to see, the eigenfunction of the third (second) boundary^ 
value problem satisfies for all v £ H 1 (Q) the integral identity 

j (ZcVuVu + auv) dx + ( kouv dS = — k j uv dx. (16); 

Q OQ Q 

A nonzero function u 6 H X {Q) is called the generalized eigenfunc¬ 
tion of the third ( second) boundary-value problem for the operator X 
if there is a number k (the eigenvalue corresponding to u) such that 
the function u satisfies the identity (16) for all v £ H 1 (Q). 

It will be assumed that || u !Il,(Q) = 1. 

The further consideration in this section will be confined to gen¬ 
eralized eigenfunctions and their corresponding eigenvalues. It will 
be convenient to regard the identities (15) and (16) defining the gen¬ 
eralized eigenfunctions as identities in the scalar products in 

spaces L 2 (Q) and H X (Q) or H 1 (Q), respectively. 

Put m — min a(x) (here it is not assumed that a(x) 0). Then; 
*eQ 

the function 

a(x) — a(x) — m + 1 1 in Q. 


Therefore a scalar product (equivalent to the usual scalar product) 
in H 1 (Q) can be defined by the formula 

(; u , v) o = \(kS7uS7v +auv) dx, (17) 

H l (Q) J 
Q 

while in H i (Q) by 


(u, v)hi(q > = j ( fcS7uVv -f cluv) dx 4- £ kouv dS. 
Q OQ 

Then (15) and (16) can be rewritten as 

(». ^h.(Q) = * — X —m+l)(u t v)lm ) 
and 

(w, v)h »(Q) = ( — X — m + 1) (u, 

We shall first prove the following assertions. 


(18) 

(19) 

( 20 > 
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Lemma 1. There is a hounded linear operator A acting from L^Q) 
into H\Q) with the domain of definition L%(Q) such that for all v £ 

o 

£ H\Q) the following relation holds-. 

(«> v) LM) = (Au, v) &t(Q) . (21) 

The operator A has an inverse A ~ 1 . If A is regarded as an operator 

o o 

from H^Q) into H 1 (Q), it is selfadfoint, positive and completely 
continuous. 

Lemma 1'. There is a hounded linear operator A' acting from 
L^(Q) into H\Q) with the domain of definition L 2 (Q) such that for 
all v 6 H 1 (Q) the following relation holds: 

(». v)l,(Q) = ( A ' u > y)Ht(Q). (21') 

The operator A' has an inverse A'" 1 . If A' is regarded as an operator 
from H 1 (Q) into H 1 ^), it is self adjoint, positive, and completely 
continuous *. 

We shall prove Lemma 1; Lemma 1' is proved in the same way. 
Proof of Lemma 1. For any (fixed) function u £ L 2 (Q) the function- 

o 

al l(v) = (u, v)l,(Q), which is linear in v, v £ FP((?), is bounded, 
because 


\l(v)\ = \ (u, v)l,( Q) Kl|» ||l,(Q) II V ||l,(3)<C II U ||l,(Q) || V |ljJ I(Q) - 

Therefore, by Riesz’s theorem, there exists a unique function U 6 
€ H'(Q), || V ||. = Pll < C || u || Ll(Q) , such that l(v) = 

= ( U, f° r all v € # x (0- This means that on L 2 (Q) an oper¬ 

ator A is defined (which is obviously linear): Au = U, for which 
{21) holds. Since || Au ||« ^ C || u ||l,(Q), the operator A from 

H‘(Q) 

O 

L 2 {Q) into H 1 {Q) is bounded. If for some u £ L 2 (Q) Au = 0, then, 

by (21), {u, v) LM) = 0 for all v 6 H 1 ( Q ), that is, u — 0. This im¬ 
plies that the operator A _1 exists. 

° o 

The operator A from H^Q) into H^Q) is selfadjoint, as can be 
seen from (21): (Au, v). = (u, v) L , (Q) = (v, u) Ll(Q) = 

_ n \w) 

= (Av, u )^ t(Q) — (w* (21) also implies that the operator A 

is positive. 


* The form of operators A and A ' depends, of course, on the scalar product 

defined in H X (Q) and H X {Q), respectively. Here scalar products (17) and (18) 
are used. 
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Let us show that A as an operator from H 1 (Q) into H X (Q) is 
completely continuous. Consider an arbitrary set of functions bound- 

o 

ed in H l {Q). By Theorem 3, Sec. 5.4, Chap. Ill, this set is com¬ 
pact in L 2 (Q). This means that from any of its infinite subsets we 
can choose a sequence u s , s = 1, 2, . . ., which is fundamental in 

o 

L 2 (Q). Since the operator A from L 2 (Q) into H 1 (Q) is bounded, 
and hence continuous, the sequence Au a , s — 1,2, . . ., is funda¬ 
mental in H 1 (Q). | 

By Lemma 1, the identity (19) can be written in the form of an 

o 

operator equation in the space H^Q): 

— (L-f/n — i) Au — u, u 6 H 1 (Q). (22) 

Similarly, (20) can be written, using Lemma 1', as an operator 
equation in the space H 1 ^): 

— {% +m — i)A’u = u, u 6 H\Q). (22') 

Thus the number X is an eigenvalue of the first (third) boundary- 
value problem for the operator X and u is the corresponding genera¬ 
lized eigenfunction if and only if — (X -f- m — 1) is the character¬ 
istic value of the completely continuous selfadjoint operator A 

from H X (Q) into H X (Q) {A' from H X {Q) into H 1 (Q)) and u is the 
corresponding eigenelement. 

Therefore from the results of Sec. 5, Chap. II it follows that there is 
at most a countable set of eigenvalues of the first (third) boundary- 
value problem; this set does not have finite limit points; all the 
eigenvalues are real; to every eigenvalue there corresponds a finite 
number (the multiplicity of the eigenvalue) of mutually orthogonal 

eigenfunctions in If 1 (Q) (in Lf 1 ^)); the eigenfunctions correspond- 

o 

ing to different eigenvalues are orthogonal in IJ l {Q) (in H 1 (Q)). 

Note that corresponding to each eigenvalue X of the first (third) 
boundary-value problem one can choose exactly k, k being the mill- 

o 

tiplicity of X, mutually orthogonal real eigenfunctions in H 1 (Q) 
(in Let u Re u 4- i Im u be the eigenfunction corres¬ 

ponding to the eigenvalue X. Since X and the coefficients k(x) and 
a(x) are real, the functions Re u and lm u, as follows from (15) or 
(16), are also eigenfunctions corresponding to the same X (the func¬ 
tion v in (15) or (l(i) may be considered real-valued). It is not dif¬ 
ficult to check that the maximum number of mutually orthogonal 
real eigenfunctions is />. 

Let 

^i, • • •> K, ■ ■ ■ (23) 

12 — 0594 
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be the sequence of all the eigenvalues of the first (third) boundary- 
value problem for the operator X in which each eigenvalue is re¬ 
peated according to its multiplicity. Let 

^21 • • M ^81 • • • (24) 

be a system of mutually orthogonal generalized eigenfunctions 

o 

(II u s IIl,(Q) = 1) in H\Q) (H'iQ)); each u 3 corresponds to the 
eigenvalue X s : 

— (k s + m — 1) Au s = u„ s = 1, . . (25) 

for the first boundary-value problem and 

— (k s + m — 1) A'u s = u s , s = 1, . . (25') 

for the third boundary-value problem. 

Scalar} multiplication in H 1 (Q) (H^Q)) of (25) ((25')) by u a 
gives, in view of (21) ((21')), 

il U ‘ =-(*, + m -1) ||«. ||1,(Q) = - (V + rn - 1), (26) 
|I u s||h‘(Q)= — (^s + /ra— 1) ||n 8 ||I, ( Q) == — (A s -j-m—1), (26') 


o 

which may be written (the scalar products in H\Q) and H l (Q) are 
defined by formulas (17) and (18)) in the form 


Q Q 

for the first boundary-value problem and 


1 ' 


Q 8Q 

for the third boundary-value problem. 

It follows from equality (27) that for all s 

<C — m= —min a(x). 

x£Q 


A,g<; — m— —min a(x), 

x£Q 


= 0 

(27) 

|u, p dS — 0 

(27') 

= 1, 2, . . . 

(28) 

■ 1 2 

• • • 

(28') 


and for all s = 1, ... strict inequality holds if either a(x) ^ const 
or o(x) =j= 0. If, however, o(x) = 0 (the second boundary-value 
problem) and a(x) == const, a(x) = m, then among the eigenvalues 
of the second boundary-value problem there is one that equals — m 
and the corresponding eigenfunction is equal to const = ilY I Q |. 
This eigenvalue has multiplicity 1, because, by (27'), all the eigen- 


“PuAiss. C-tiL t cA 



ELLIPTIC EQUATIONS 


179 


functions corresponding to it satisfy the relation j k | S/u | 2 dx = 

Q 

= 0, that is, are constants. 

It follows from (26) ((26')) that the system 

Ul u s __ 

V^l — m —1^! ’ * ' 1^1 — m — X s * *’ (2d) 

is orthonormal in H\Q) (in H 1 (Q)). By Corollary 1 to Theorem 2, 

0 

Sec. 5.2, Chap. II, this system is an orthonormal basis for #70 (for 
#70)- And since the space #*(0 (#*(0) is infinite-dimensional, 
it follows that the set (24), and therefore also (23), is infinite. Hence 
k s —*- — oo as s —>- oo. 

Scalar multiplication in #70 (#70) of (25) ((25')) by uj, 
j s, and the use of (21) ((21')), gives the identity —(A, s + m — 1) x 
X (u„ uj) Lt (Q) = 0, that is, the system (24) is orthonormal in 
L 2 (0. As the linear manifold spanned by the system (34) (and 

• o 

therefore by the system (24)) is everywhere dense in #70 ( H 1 (Q )), 
it is also everywhere dense in L 2 (0. Accordingly, the system (24) 
is an orthonormal basis for L 2 (Q), that is, any element / £ L 2 (0 
can be expanded in a convergent Fourier series in L 2 (Q): 

oo 

/. = (/. (29) 

J=1 

and the Parseval-Steklov equality holds: 

117 I|l,(Q) = S \U ?• 


Suppose that the function / 6 #70 (#70)* It can be expanded 
in a Fourier series with respect to the orthonormal basis (3^) that 
converges in #70 (#70): 


oo 

\ “s 

— H'(Q) 1 — m — 

for the first boundary-value problem (/ £ #70) and 

oo 

I— y (f _ Us ) 

7/ Vi — m — K /«■«?) /l —m-X, 



(30) 


(30') 

12 * 
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for the third boundary-value problem (/ £ Moreover, the 

following Parseval-Steklov equalities hold: 


and 



“s \ 

Y 1— m — X s 'hi(Q) 


t a 


2|(>’ = 
s=l s 

The series (30) ((30')), of course, converges to / in the norm of 
L 2 {Q) also. A comparison of this series with the series (29) shows 

that f s = (/, u s ) Lt(Q) = (/, - Us -= -) . 1 ■ (/,= 

' y 1 — m — X s ' n \(Qj V 1 — m ' 

"('• 7S5 T -»'» re 


= (1 — m) || / ||I,( Q) _ ^ I /«I 2 

S=1 

(II / I|h‘(Q) = (1 m )\\f ||i f ( Q ) S X.I/.P), 

S=1 

whence it follows, in view of (28), that 


2IMI/*I 2 <-2M/ s | 2 +2|H 2|/ s | 2 

s=l $=1 s=i 

< 11/ ll| 1(Q) + (2 | m | +1 m - i |) || /HI,,«?) 

and similarly (in view of (28')) that 


2 IA a | | / s | 2 < || / \\b( Q) + (2 | m | + | m - 11) || / 111 ,( 0 . 

S=1 

Thus we obtain the inequality 


Sl^ll/ s | 2 <c||/||^ 

s= 1 H'(O) 


(31) 
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where a s , s = 1, 2, . . are eigenvalues of llie first boundary-value 

o 

problem with f £ H 1 (Q), and the inequality 

i IMI/ S | 2 <C||/IIW?), (32) 

5=1 

where h s , s = 1, 2, . . are eigenvalues of the third boundary- 
value problem with / £ H 1 (Q). The constant C in (31) and (32) does 
not depend on /. Thus we have proved the following theorem. 

Theorem 3. The eigenvalues X 2 , ... of the first or third (second) 
boundary-value problem for the operator X = div (k(x) V) — a(x) 
are real and h s — oo as s — oo . When a(x) const, the eigenval¬ 
ues of the first and third , with a 0, boundary-value problems as well 
as those of the second boundary-value problem (a = 0) satisfy the ine¬ 
quality h s — min a(x) for all s — 1, 2, . . ., When a(x) is a 

x£Q 

constant , a (x) = m, the eigenvalues of the second boundary-value 
problem satisfy the inequality h s — m, s = 1,2, . . ., and there is 
an eigenvalue that is equal to —m whose multiplicity is 1 and to which 
there corresponds the generalized eigenfunction 1 /Y | Q | ■ The gener¬ 
alized eigenfunctions Ui(x), u 2 (x), ... of the boundary-value prob¬ 
lems under consideration constitute an orthonormal basis for L 2 (Q), 
that is, any function f £ L 2 (Q) can be expanded in a Fourier series 

(29) which converges in L 2 (Q). When f £ H X (Q), the series (29) in 
terms of the generalized eigenfunctions of the first boundary-value 

o 

problem converges in IFiQ) and the inequality (31) holds. When f £ 
£ IJ 1 (Q), the series (29) in terms of the generalized eigenfunctions of 
the third (second) boundary-value problem converges in H^Q) and 
the inequality (32) holds. 

4. Variational Properties of Eigenvalues and Eigenfunctions. The 

o 

operator A defined by the relation (21) and acting from H 1 (<Q) into 

o 

H 1 (Q) is selfadjoint, completely continuous and positive (Lemma 1), 
therefore, by Theorem 1, Sec. 5.1, Chap II, its first characteristic 
value, obviously positive, is 


Pi = inf 


1/ 


'HHQ) 


{At, f) 


HHQ) 


inf 

/€«■(«) 


2 


II f Hhmq) 

II'IIU) 


o 

(the norm of / in H 1 (Q) is defined corresponding to the scalar pro¬ 
duct (17)). The functional || / ]|^° I(Q) /||/ liLw) assumes the value 
when / = Uj, where u x is the first eigenelement of the operator A- 
Therefore the first eigenvalue of the first boundary-value problem 


~PuJuc. Tftdf/ttmtfti c_tiL t nA 


182 


PARTIAL DIFFERENTIAL EQUATIONS 


for the operator X is given by 

2 


inf 

feaHQ) 


II/II! 


L,(Q) 


X (*|V/|»+«|/|*)*r 
_ i n f «--- (33) 

„ l I f |2 A* 

f£H'(.Q) 


1 \f\*dx 
Q 


and the exact lower bound of the functional 

f (/c|V/| 2 + a|/|V*/J \f?dx 


on the space H l (Q) is attained through the first eigenfunction u t . 

The results of Sec. 5.1, Chap. II, imply that (k-f- l)th character¬ 
istic value p ft+l of the operator A is equal to inf . 

feif'CQ) ll/H ««> 

(/• 0 

1=1, .... ft 

Since, according to (21), (/, “«)jj 1(Q) = 1^ (/, ^ u i)^. (Q) = f*i (/. «i)r,(Q>> 
t = l, 2, ..., it follows that 


H*+i= inf 

<>• u i)L,(Q)=0 
i=l, .... ft 


I / Hfh(Q) 

I / Hl,(Q) 


Thus the (k + l)th eigenvalue of the first boundary-value problem 
for the operator X is given by 

H/Hff‘(Q) 


^ft+i — — mJ r 1 — 


inf 

/eH'(Q) 

(/. “i)L J (Q)=° 
1=1, .... ft 




inf 


l (k\Vf\* + a\f\*)dx 


, /£H*(Q) 

(/ * u t>L t (Q)=° 
1=1 .ft 


S I/I** 


(34) 


The functional 


f (*I V/1 2 + 01 /1 2 ) dxj j |/| 2 d* 

Q Q 

attains its exact lower bound through the eigenfunction u k+1 on the 

o 

subspace of the space H 1 (Q) that is composed of all the functions 
orthogonal^in the space with the scalar product, L 2 (Q), to the eigen¬ 
functions u t , . . ., u k of this boundary-value problem. 
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In exactly the same manner, for the third (second) boundary- 
value problem for the operator X 


Xi — 


— m +1 — inf 
/£H>(Q) 


II / llffi(Q) 

II * Hl,(Q) 


^-ft+1 — 


- — inf — 

femQ ) 


— TO-f 1 — 


inf 

/£H‘(Q) 
(/. “i>L,(Q)= 
i=l, .... ft 


0 


(*|V/|*+a|/|*)(fc+ | fc<r|/| 2 AS 
_ »Q_ 

II /llffl(Q) 

II f IIl,(Q) 


--- — inf 
/EH‘(Q) 
l/ * u i ) L,(Q) 1 
t=l. 


=0 

ft 


$ (fciv/iM-«im<fc+ s fcui/i a d5 

Q_8Q_ 


$ I /1 2 dx 

Q 


(33') 


(34') 


The exact lower bound of the functional 


l (*|v/|*-M/|’) £ te+ 

_Q_0Q_ 

l\f\ 2 dx 
Q 

on iPiQ) is attained through the first eigenfunction u 1 . The exact 
lower bound of this functional is attained through the (k + l)th 
eigenfunction u h+1 on the subspace of H^Q) consisting of all the 
elements orthogonal to the space with the scalar product, L 2 (0, to 
the eigenfunctions u u . . ., u k of the respective boundary-value 
problem. 

Formulas (33) and (33') can be combined into one: 


*i = 


— inf 

fea 


$ (k\Vf\* + a\f\*)dx + l ko\f\*dS 
Q _8Q_ 


l \1\ 2dx 

Q 


(33") 


moreover, is the first eigenvalue of the third (second, if o = 0) 
boundary-value problem for the operator X if G = H 1 (Q), and Xj 
is the first eigenvalue of the first boundary-value problem if G — 

— H 1 (Q) (when / 6 f/ x (0, the integral j ka | / | 2 dS = Oj . 

0Q 

Similarly, formulas (34) and (34') can be combined into one: 


^ft+i 


inf 

/£G 

i— 1 , . . h 


l (k\Vf\*+a\f\*)dz + l ko\f\*dS 

Q _ 9Q _ 


$ \f\*dx 

Q 


(34") 
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Sometimes the application of formulas (34), (34'), (34") in finding 
the (k -{- l)th eigenvalue X ft+1 becomes difficult as they depend on 
the knowledge of the preceding eigenfunctions u u . . ., u h . A form¬ 
ula for calculating 4+i will be obtained below which is free from 
this defect. 

We take arbitrary k functions <p lt . . ., cp ft belonging to L 2 (Q) 

o 

and denote by R (<p l5 . . ., q? ft ) the subspace of H 1 (Q) which con¬ 
sists of functions / that are orthogonal to the functions <p l5 . . ., <p ft 
in the space with the scalar product, L 2 (Q): (/, cp s )l s (Q) = 0, s = 
= 1, . . ., k. Let 


d(qpi, •<p h )= — m +1 — 


fvnv v • • •, <jy 


"x-dQ) 


and let d h+1 be the exact lower bound of the number set {d (<p lt . . . 

• • •> 9ft)} taken over all the possible systems of functions q> lT . . 

• • ., <Pft belonging to L 2 (0: 


d h + 1 = inf d(<Pi, ..<Ph). 

«>i.'Pft) 

<P s t L 2 (Q) 
s= 1 , ...,h 

We shall show that d h+1 = X, h+1 , where k fe+1 is the (k + l)th 
eigenvalue of the first boundary-value problem for the operator X. 

Since d (u l5 . . ., u h ) = l h+1 (formula (34)), it follows that 
<4+i < l k+1 . We shall now establish the reverse inequality. To do 
this, it is enough to construct for an arbitrary fixed choice of the 
system q> x , . . ., qp ft a function / in i? (qq, . . ., cps) such that 
II / lk(<5) = 1 and 

II / ~' ~ m + 1 • 

The function / will be sought in the form 
ft+i 

/ = fs (/? ^s)l*(Q) • 

S=1 

Then the conditions / g ff(tp!, . . cps) and || / ||l 2 (Q) = 1 become 
ft+i 

(/, 9p)l 2 (Q)= 2j fs{u s , 9pk(Q) = 0, p = 1, k, (35) 

S—1 

fe+ 1 

II/IIL(Q)= Si/ s | 2 = i- ( 36 ) 

s=l 

Since the linear system (35) regarding the vector (/ t , . . ., 4+ x ) is a 
homogeneous system of k equations in k + 1 unknowns, it has always 
a nontrivial solution. It is always possible to satisfy the normalizing 
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condition (3(3). Since, in view of (26) and (36), 

fc+i ft+i 

I1 1 Hhhq) — s ii I I 2 1 


= |/.|*(-A,.-m + l) 


i'HKQ) 
fe+1 

< 2 |/ s | 2 ( — K+i — m+1)^ — h+i — m + i 

3 = 1 

(recall that ^ k 2 ^ ... ^ fe+1 ), it follows that / is the desired 

function. 

Thus the (k + l)th eigenvalue of the first boundary-value problem 
for the operator X is given by the formula 


X-b+j — inf 

«p,.**> 

<P s 6L 2 (Q) 
s= 1, . . ft 




m +1 — 


inf 
/en>(Q) 

</’ 1>i)Z.,(Q)= 0 
i =1, .. ., ft 


I f Hhhq) ^ 
I / IIL(Q) / 


= — m -f 1 — sup inf 

(<Pj, . ■ - ftinQ) 


Hh<(Q) 


"L 2 (Q) 


s— 1 , • • • , h ^ , ft 


S (*l v/!•+«!/1*) d» 


= — sup inf 

<<Pi.fft) 


:=1, . . ., ft {=1.ft 


|/1 2 ^ 


(37) 


expressing the so-called minimax properly of the eigenvalues. 

Exactly in the same manner the formula for (k -f l)th eigenvalue 
of the third (and second) boundary-value problem for the operator 
X is established: 


A, ft+i = — m + 1 — sup inf 

(Tj, • • •, <Pft) leHHQ) 

<V s £L 2 (Q) <'• <P£)L 2 (Q)= 0 

S =1.ft i=l.* 


I f Hh-(Q) 

1 f lli,(Q) 


= — sup inf 

«p,. <f h ) /eu‘(Q) 

VitLM) <- f : 1>j)L,(Q)= 0 
i=l, . . ., ft i—1 ’ — > h 


l (k\Vf\* + a\f\*)dx+ l ko\f\*dS 

k -22-(37') 

1 / I 2 dx 


Formulas (37) and (37') can be combined into one: 

J (fc|V/|» + «|/|*)d*+ S ko\f\*dS 

Xft + i = - sup inf ?- v i - (37 '> 

«p,. <pO m )\f\ 2 dx 

<P;€L 2 (Q) <>• q 

i=i.ft i=1 .“ 
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in which X h+1 is the (k + l)th eigenvalue of the first boundary-value 

o 

problem for the operator div (k(x) v) — a(x) if G — #*(()), and 
is the (k + l)th eigenvalue of the third (second, if a = 0) 
boundary-value problem if G = SPIQ). 

The minimax property of eigenvalues furnishes a possible way of 
•comparing the eigenvalues of various boundary-value problems. 

Theorem 4. 1. Let %l, kl 1 , kl n be the kth eigenvalues of the first, 
second, and third (for some a 0) boundary-value problems for the 
operator X = div (k(x) V) — a(x). Then kl ^ k r k n kl 1 for all 
Jc = 1 , 2 , .... 

2. Let k'h be the kth eigenvalue of the first, second or third (for some 

■a = a' 0) boundary-value problems for the operator X ' = 
= div ( k'(x ) V) — a'(x), and let k" h be the kth eigenvalue of the 
first, second or third (for some a — 0) boundary-value problems 

for the operator X" — div ( k"(x ) V) — a"(x). If k' ^ k", a' =sC a" 
in Q and in the case of the third boundary-value problem o' a" on 
dQ, then k' h ^> k’ h for all k = 1, 2, .... 

3. Let Q' be a subregion of the region Q, Q' a Q, and k h (Q), k h (Q') 
he the kth eigenvalues of the first boundary-value problem for the opera¬ 
tor X — div (k (x) V) — a (x) in Q and Q', respectively. Then 
K(Q)>k h {Q') for all k = 1,2,.... 

Proof. Let k >■ 1. Since the value of the functional present in 
•(37") after the sign inf in the case of the third boundary-value prob¬ 
lem (a ;> 0) is not less than its value for the second boundary- 
value problem (o = 0) and the set G in both cases is the same, G = 
= H 1 (Q), it follows that kl n ^ k™. The inequality k\ ^ X* 11 also 
follows from (37"), because the set G over which inf is taken in the 
case of the third boundary-value problem is wider than the set G 

for the first boundary-value problem: H 1 (Q) id H 1 (Q). 

Assertion 1 for k — 1 follows from (34)". v 

2. Assertion 2 follows from (37") (for k > 1) and from (34") 
•(when k = 1), because the value of the functional appearing after 
the inf sign for the operator X" is not less than the corresponding 
value for the operator X'. 

3. Since the set H\Q) contains the set H X (Q) of functions belong- 

o 

ing to H 1 (Q) and vanishing on Q\Q', we have for k > 1 


A ft (0=- 


sup inf 

(<Pj, .... /gH‘(Q) 

5—1 .s=l.ft-1 


T(f) 


^ — sup 

«Px. • • •. 

<P S £L,(Q) 
s=l.h-1 


inf 


’ ^L,(Q) 

S= 1, .... h 


=0 


m 
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where 


If k — 1, then 

M0=- inf inf T(f) = k l (Q'). | 

f£H‘(Q) feH‘(Q) 

5. Asymptotic Behaviour of Eigenvalues of the First Boundary- 
Value Problem. We first consider the eigenvalues of the first bound¬ 
ary-value problem for the Laplace operator A (of the operator X = 
= div (XV) — a with k = 1, a = 0) in the cube K j = {0 < x t < l, 
i = 1, . . n} with side l > 0. The generalized eigenfunction 
u(x), corresponding to the eigenvalue X, of the first boundary-value 
problem for the operator A in K t is defined to be a function belong¬ 
ing to H l {Ki) which satisfies the identity 


inf 

_<P s 6L,(Q') - (f ,Vs)LM')=0 
—1, • • • t h—i s —1 1 ... t k— 1 


= — sup 

<i>i. 


m=Km, 


] (k | V/ | a -)-a \f\*)dx 

T(f) = - 


j Vu Vv dx = — X j uvdx 

K, K, 


for all 

It can be easily verified that the function u mi ... m n ( x ) — 

n 

= (y)" /2 n s i n nm f Xl - with integers m n >0 is an 

i=i 

eigenfunction of the boundary-value problem under discussion; the 

Jl 2 

corresponding eigenvalue is- jr ( m *+ • • • + TO *)- The system 


of functions u mt ...m n (x) for all integers m* > 0, i = 1, . . n , 
is orthonormal in L 2 (Ki). Since any function belonging to L 2 (Ki) 
and orthogonal to all u mi ...m n is zero (this is proved just as the 
corresponding assertion in Sec. 4.4, Chap. Ill, for the system of 
functions u mi ._. m ^ — exp {t ( m x x r + . . . + m n x n )} in the cube 
{| x t | < it, i = 1, . . ., n}), this system constitutes an orthonor¬ 
mal basis for L 2 (K t ), and accordingly contains all the eigenfunctions 
of the first boundary-value problem for the operator A in X;. 

Thus there is a one-to-one correspondence between the set of all 
the eigenfunctions of the problem in question and the set of all the 
points (toj, . . ., m n ) with positive integer coordinates, and there¬ 
fore also the set of all the cubes K m ,...m n = {mi — 1 ^ x i ^ 

* = And the eigenvalue corresponding to the function 
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u m,...m n {x) is equal to the square of the distance from the point 
(mi, . . m n ) to the origin multiplied by —it 2 // 2 . Thus the multi¬ 
plicity of the eigenvalue k equals the number of points with integer 
coordinates lying on a sphere of radius Y —^ J/jt. particular, the 

Jj2 

number- ^-n is the first eigenvalue; its multiplicity is 1. The Con¬ 


tra/2 . zix, 

1 sin-... sm - 

J[2 

The next eigenvalue is- (n + 3); its multiplicity is n. 

corresponding eigenfuctions are Wi ... l, 2 , i ... i(#) = (y) 


( 2 
— 


TCX-n 
~1 ' 

The 

n/2 

X 


. TtX-i • TlXi—-t • 2jZXj , JtXij.1 • JXiXri , t 

X sin —p ... sin-j^sin-y-'sin—p 2 . .. sin -p , i = 1, .. n. 

Let N( p) denote the number of eigenvalues (having regard to 
the multiplicity) which do not exceed some p > 0 in absolute 
value. N( p) is equal to the number of points (m, with 

1 2 

positive integer coordinates for which m 2 + ... + m 2 ^— p or, 

what is the same, is equal to the volume of a solid My- l/n com- 

l 2 

posed of all the cubes K mi ... mn for which m\ + ... + <C p. 


Since M v - l/n cz S y - l/n = {\x\<±Vp, x f >0, i = l, •••,«}, 

^(PXI s Vpi/n\^^k ~^rP n/2 - 0n the other hand ’ for P > n ir 

m Vpi/* => S Y- pl , n -Vn’ therefore for P>^, N(p)>^~X 

x(^-X. 

Let the eigenvalues be numbered, as usual, in increasing order: 
0 > k^k^^ . . . (every eigenvalue in this sequence occurs 
according to its multiplicity). Consider any eigenvalue k s of multi¬ 
plicity p s , p s > 1, and assume that \_ p >, . . ., k s , . . ., \ +p . for 

some p' s ^ 0, p" s ^ 0, p’ s + p" s + 1 = p s are all the eigenvalues 
equal to k s . 

The number p s is equal to the volume of the solid composed 
of the cubes K mi ... mn whose vertices (m,, ..., m n ) lie on a sphere 

of radius 1 k s | 1/2 with the origin as the centre. This solid is 


contained in S i ^ t i/ 2 l/n \S so p s -< 2 « ra [ ( n I l) 

-tiM-nn. 

In particular, noting that k a —>—oo as s- 


oo, we find that 


lim 

S-+OC 


Ps 

I ks I n / 2 


0. 
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From the definition of the function N (p) it follows that 
s + pl = iV(| l s |). Accordingly, — Vn) n/2 <s + p" s ^ 

^■~n£n- ( 1 )” /2 ' s i nce Q^CP's^Psi the ratio s/| | n/2 has a 

limit that equals l n i 2 n~ n/2 . Therefore (recalling that . . . ^ 

there are constants C 0 and C u O-cCo^Ci, such that 

-^ s 2 '"<s 2/n (38) 

for all s = 1, 2, .... 

Since the eigenvalues do not depend on the coordinate system 
chosen, the inequalities (38) for the eigenvalues of the first boundary- 
value problem for the Laplace operator continue to hold if the cube 
Ki is replaced by any other cube with side l. It is easy to see that 
the eigenvalues of the first boundary-value problem for the operator 
k 0 A — tt 0 , where k 0 > 0 and a 0 are constants, in a cube with side l 

are — A* 0 -^-(m 2 + . . . + m 2 ) — a 0 , where . . ., m n are posi¬ 
tive integers. Thus the inequalities (38), with some constants C 0 
and C 1 (depending on k 0 ) hold also for them for all s, starting with 
some s 0 (depending on k 0 and a 0 ). 

We now examine the general case. 

Theorem 5. Let k s , s = 1, 2, . . ., be the eigenvalues of the first 
boundary-value problem for the operator X = div (k(x) v) — a ( x ) 
in the region Q. There exist constants C 0 and C\, 0 < C 0 ^ C t , and a 
number s 0 such that the inequalities 

- C 1 s 2 /»< X s < - C 0 s^ n (39) 

hold for all s^s 0 . 

Proof. Suppose that k s and k s are eigenvalues of the first bound¬ 
ary-value problem in Q for the operators X = div (&V) — a — kA — a 
and X — kA — a, respectively, where k = max k (x) , k = min k ( x ), 

_ ~ ~ ~ x£Q ~ x£Q 

a = maxa(x), a = mina(a:). Then, by Assertion 2 of Theorem 4, 
_ xeQ ~ xeQ 

for s = l, 2, .... 

By K' and K" we denote the cubes such that K' cz Q cr K", and 
by X' s and the eigenvalues of the first boundary-value problem for 
the operator X in K' and the operator X in K", respectively. By 
Assertion 3 of Theorem 4, X' s ^ k s and k" s for all s. The con¬ 
clusion of the theorem now follows from the fact that starting with 
so,nip s.= s 0 the inequalities (39) hold for X' s and k”. | 
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6. Solvability of Boundary-Value Problems in the Case of Homo¬ 
geneous Boundary Conditions. In Subsec. 2, we examined the question 
of existence and uniqueness of generalized solutions of the first 
and third (second) boundary-value problems for Eq. (1) under the 
assumption that a(x) 0 in Q. Now the general case will be dis¬ 
cussed. 

Let m = min a(x). The identities (4) and (6) can be written 

*£Q 

in the form 

(u ’ v h H Q) + (“» v h,(Q) = ~ (/- v )l,(Q), (4'} 

(«, v)hhq) + (m — 1 ) ( a , v) LM) = — (/, v) LM) , ( 6 '> 

where the scalar products in H\Q) and H\Q) are defined by for¬ 
mulas (17) and (18). By Lemma 1, Sec. 1.3, the identity (4') is equiv¬ 
alent to the operator equation 

u + (to — 1) Au = — Af (40) 

in the space H^Q), while the identity (6'), by Lemma 1', to the 
operator equation 

u -f (to — 1) A'u — —A'f (40') 

in the space H X (Q) (recall that Af £ H^Q), A'f £ &(())). The oper¬ 
ator A from H 1 {Q) into H 1 (0 (A' from H\Q) into H\Q)) is 
completely continuous. Therefore for the investigation of Eq. (40) 
((40')) Fredholm’s theorems can be applied (Theorems 1-4, Secs. 4.3- 
4.7, Chap. II). 

(1) If the number —m + 1 is not a characteristic value of the 
operator A {A’), then by Fredholm’s first theorem Eq. (40) ((40')) is 
uniquely solvable with any f^L 2 (Q), and the inequality ||u||^i (Q) ^ 

< C\ II Af ||& a(Q) < C || / ||jl 2 (Q) (II u Hhmq) < € || / |Ijl 2 <q>) holds, 

where the constant C > 0 does not depend on /. Since —to + 1 is a 
characteristic value of the operator A ( A ') if and only if zero is an 
eigenvalue of the first (third) boundary-value problem for the opera¬ 
tor X, we have established the following theorem. 

Theorem 6. For any f 6 L 2 (Q), there exists a unique generalized 
solution u(x) of each of the boundary-value problems (1), (2) and (1), 
(3) with homogeneous boundary conditions (<p = 0), provided that zero 
is not an eigenvalue for the operator X. Moreover, the inequality 

!I«IIh>(Q)-<0I/IIl,(Q)» 

where the constant C >» 0 does not depend on /, holds. 

(2) If —to + 1 is a characteristic value of A (4') (then, of course, 
to 1), we use Fredholm’s third theorem. In this case, in order 
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that Eq. (40) ((40')) be solvable it is necessary and sufficient that the 
equality (Af, u p )hhq) = 0 ((A’f, m p )hi(Q) = 0) hold for all the eigen¬ 
functions u p of the operator A (A') corresponding to the character¬ 
istic value —m + 1. Eq. (40) ((40')) has a unique solution u which 

is orthogonal in H 1 (Q) (H^Q)) to all the functions u p , and for this 
solution the inequality || u ||^ 1(Q) < C || / || L!!( q) (II u || H i«}) < 

^ C || / ||l,(Q)) holds in which the constant C > 0 does not depend 
on /. Any other solution of Eq. (40) ((40')) is expressed as the sum 
of the solution u and a linear combination of the functions u p . 

From the definition of operators A and A' ((21) and (21'), respec¬ 
tively) it follows that orthogonality in H 1 (Q) (H 1 (Q)) of functions 

Af ( A'f) and u p is equivalent to that of functions / and u p in L 2 (Q). 

• 

What is more, the orthogonality in H 1 ( Q ) ( H 1 ( Q)) of the solution u 
of Eq. (40) ((40')) to the eigenfunction u p is equivalent to their ortho¬ 
gonality in L 2 (Q), because, in view of (21) ((21')) 

(U, = (1 m ) u p)h'(Q) (^’ u p)hi(Q) 

= (1 — m) ( Au , u p ) Al(Q) = (1 - m) (u, u p ) l , (Q> 


((u, u p ) HHQ ) = (1 — m) (u, u p ) LM) ). 

We thus have the following result. 

Theorem 7. If zero is an eigenvalue of the first or third ( second ) 
boundary-value problem for the operator X, the necessary and sufficient 
conditions for the problem (1), (2) or (1), (3) with homogeneous bounda¬ 
ry conditions (<p = 0) to have a generalized solution are the following : 
(/, n P )z,,(Q) = 0 for all generalized eigenfunctions u p of the respective 
problem corresponding to the zero eigenvalue. The problem (1), (2) or 
(1), (3) ( with q> = 0) has a unique solution u which is orthogonal to all 
the eigenfunctions: (u, u p ) l ^q) = 0. This solution satisfies the in¬ 
equality 

II w IIh*(Q)<£||/!Il i <Q), 

where the constant C > 0 does not depend on f. Any other solution is 
expressed as a sum of this solution u and a linear combination of the 
functions u p . 

From Theorem 3 it follows that zero is an eigenvalue of the second 
boundary-value problem (a = 0) for the operator X when s = 0; 
the corresponding unique eigenfunction is IIY | Q I- Therefore Theo¬ 
rem 7, in particular, implies 

Theorem 8. For the problem 

div (k(x) Vu) = /, |r b-0. 
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to have a generalized solution it is necessary and sufficient that 

{ fdx = 0. 

Q 

Under this condition , there is a unique solution u satisfying the condi¬ 
tion j u dx — 0, and this solution satisfies the inequality 
Q 

II «llff«(Q)-<C , ||/llL I (Qb 


where the constant C > 0 does not depend on f. Any other generalized 
solution u of this problem can be expressed as u = u + c 11 where c 1 is a 
constant. 

Remark. If / is a real-valued function, then the solutions described 
in Theorem 6 are also real-valued. This assertion is proved just as the 
corresponding assertion in Remark at the end of Subsec. 2. The solu¬ 
tions mentioned in Theorems 7 and 8 could also be considered real¬ 
valued, provided, of course, all the corresponding eigenfunctions 
are taken real-valued and one considers their linear combinations 
with real coefficients only. 

7. First Boundary-Value Problem for the General Elliptic Equa¬ 
tion. The results of the foregoing subsections are easily extended to 
the case of more general elliptic equations. To illustrate it, we con¬ 
sider the following boundary-value problem: 

n n 

Xu = 1] (a t j(x)u x ) x + 2 a t {x)u x +a(x)u = f(x), x^Q, (41) 

i, j=l 1 1 i=l 1 

u |oq = 0, (42) 


where the real-valued coefficients aifix) £ C X (Q), a t (x) £ C 1 ^), 
a(x) 6 C (Q), i, j = 1, . . ., n\ the matrix || a if (x) || is assumed to 
be symmetric and positive-definite (ellipticity of Eq. (41)), that is, 
it satisfies the inequality 

li 2 j 8 ( 4 3) 

i, j=l i=l 

with a constant y > 0 for any real vector (^ . . ., | n ) and any 
point x £ Q. 

The classical solution u(x) of the problem (41), (42) is defined in 
the usual manner: this is a function which belongs to C 2 (Q) f) C(Q) 
and satisfies (41) and (42). By means of Ostrogradskii’s formula, it is 
easily seen that if / 6 L 2 (Q), the classical solution of the problem (41), 

° i ° , 

(42) belonging to IU{Q) satisfies for all v £ H i (Q) the integral iden- 


c_tiL t cl 


tity 

n 

^ 2 0,jU x .V X j dx 
Q i,i —1 

n n 

+ j U [2 o t v x .+ ( 2 — a ) V~^dx= — j fvdx. (44) 

Q i=l i=l Q 

o 

The function u £ H 1 (Q) is called a generalized solution of the 

o 

problem (41), (42) if for all v 6 H 1 (Q) it satisfies the integral iden¬ 
tity (44) with / 6 L 2 (Q). 

According to Theorem 6, Sec. 5.6, Chap. Ill, we can define in 

o 

H 1 (Q) a scalar product 

n 

(«. v )hhq) = J 2 aiju x .v xj dx 

Q i, 3—1 

which is equivalent to the usual scalar product. In view of this, the 
identity (44) can be written as 

n n 

( u > ^)iwQ) + ( w ’ 2 a«i>*. + (2 a ix —a)v) Lt(Q) = — (/, v) LM) . (45) 

Lemma 2. 1. For any functions a 0 (x), a^x), . . ., a n (x) contin¬ 
uous in Q there exists a bounded linear operator A acting from L 2 (Q) 

o 

into H 1 (Q) and defined on the whole L 2 (Q) such that 

n 

(u, 2 a iV x . + 0-0 v)l,(Q) = (Au, v)g HQ) 
for all v 6 HHQ)- 

o o 

2. The operator A regarded as an operator from H l (Q) into H l (Q) is 
completely continuous. 

Proof. Since for a fixed u £ L Z (Q) the linear functional l (v) = 

n 

==(«, 2 a tVx +o 0 v)lm) (i> £//*(<?)) defined on H\Q) is bounded: 

i=l * 

n 

1 1 (V) |<l! U ||£,, (Q) || 2 a t v x . +a 0 v ||£. l( Q)<C II w||l,(Q) II v ||^ 1(Q) , where 
the constant C>0 depends only on ll^illc^i i = 0, 1, n, by 

o 

Riesz’s theorem there is a unique element U£H l (Q) such that 
l (v) = (U, u) Sl(Q) for all y € H\Q), and || U = ||l||< C ||i/ || L , (Q) . 
This means that an operator A (obviously, linear) is defined on 

13-0594 
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O 

L 2 (Q) that maps L Z (Q) into U^Q): Au — V. This operator is 
bounded, ||4||^C, and for any u£L z (Q) and v{B i (Q) the identity 


n 

(u, J] a ( v x . + a 0 v) Lt(Q) = (. Au, v)g, (Q) 


holds. 

o 

Let us demonstrate that A regarded as an operator from H 1 (Q) 

o * 

into H 1 (Q) is completely continuous. Take any bounded set in 7/ 1 (Q). 
This set is compact in L 2 (Q), by Theorem 3, Sec. 5.4, Chap. III. 
Therefore from any infinite sequence of its elements a subsequence 
can be chosen which is fundamental in L 2 (Q). Since A as an opera- 

o 

tor from L 2 (Q) into H 1 (Q) is bounded (and therefore continuous), 

o 

it maps this subsequence into a fundamental sequence in H 1 {Q). Ac- 

o o 

cordingly, the operator A from H 1 (Q) into B 1 (Q) is completely 
continuous. | 

The linear functional (/, v) LM) defined on H 1 (Q ) ( v £ B 1 (Q)) 
is bounded: | (/, v) Lt (Q) I < C || / ||l,(Q) II v || o , therefore Riesz’s 

^ (W) 

o 

theorem guarantees the existence of a unique element F 6 H 1 (Q) 
such that for all v 6 B X (Q) (/, v) Lt(Q) = (F , v)% HQy and || F ||£ 1(Q) < 
<C\\f ||l; ( q). 

n 

Thus, by means of Lemma 2 (put a„ = 2 a ix — a), the integ- 

i=l ‘ 

ral identity (44) defining the generalized solution can be written 

o 

in the form of an operator equation in the space B 1 (Q): 

u-\-Au = F, u£H l (Q). (46) 

n 

Lemma 3. If y ^ a ix l — a^O in Q, then the homogeneous equa- 
i=l 

tion (46) has only a trivial solution. 

Proof. Let u denote the solution of the equation u-\-Au — Q. Scalar 

o 

multiplication in B l (Q) of this equation by u gives ||u|| 2 0 -|- 

2 ^HQ) 

+ {Au, u) £ 1(Q) = 0, which implies .that, || u ||^. 1(Q) + Re (Au, u)g 1{Q) = 0- 

— 1 ' ' a x. 

Since Re a t u Xi u = y (a t | u p%.-| 2 and u|eQ = 0, it follows 
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that 


n n 

Re (Au, u)£, (Q) = Re j (2 (2 a i*- a ) I u I 2 ) dx 

Q i=l i=1 

n n 

= j (2 Y (a< l w l 2 H+(4 2 a «i~ a ) \u\ 2 )dx 

Q i=l i=l 

n 

= j (y 2 a «i —a ) I w p^>o. 

Q i=i 

Hence |j u ||| 1(Q) <;0, that is, u = 0. | 

Lemma 3 coupled with Fredholm’s first theorem yields the follow¬ 
ing 

n 

1 vi 

Theorem 9. // -?>- 2 Uix i — a 0 inQ, then the generalized solution 

1=1 

of the problem (41), (42) exists for any f £ L 2 {Q) and is unique. 

8. Generalized Solutions of Boundary-Value Problems with Non- 
homogeneous Boundary Conditions. Let us first examine the problem 
(1), (2). We recall that the generalized solution of this problem is 
defined to be a function u £ H 1 (Q) satisfying the integral identity (4) 
and whose trace on the boundary dQ equals the boundary function q). 

The definition of a generalized solution imposes a natural condi¬ 
tion on the boundary function <p. This function must be required to 
have an extension into Q which belongs to H\Q). In the sequel it 
will be assumed that this condition is fulfilled, otherwise the general¬ 
ized solution of the problem (1), (2) cannot exist. From the theorem 
on traces of functions belonging to H 1 (Q) it follows that q> must be¬ 
long to the space L 2 (dQ), but this is not enough for the function to 
have an extension into Q by means of a function which belongs to 
H 1 (Q ); what is more, even its continuity is not enough for this pur¬ 
pose. We shall return to this problem at the end of this subsection 
where we obtain a necessary and sufficient condition for such an 
extension in the case of a circle. 

Note that such an extension exists when q> £ C\dQ). By Theo¬ 
rem 2, Sec. 4.2, Chap. Ill, there follows the existence of a function 
<t»(x) in C 1 ^), and more so in H^Q), such that <I>|eQ = <p and 
II llii‘(Q) ^ Cj || (p ||c>(9Q), where the constant C 1 > 0 does not 
depend on <p. 

Thus, suppose that there is a function O £ H 1 (Q) such that 
^Isq = <P- With the aid of the substitution u — $> = w, the prob¬ 
lem of finding the generalized solution u reduces to that of finding 

13 * 
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a function w £ II'iQ) which satisfies the integral identity 

j 1 (kVwS/v 4- awv) dx = — j (&V<DV*> + 4- fv) dx (4') 

Q Q 

for ■ill r £ H\Q). 

Note that if <J> £ H 2 {Q) (when dQ £ C 2 , for this it is enough that 
<p £ C 2 (dQ)), the identity (4') can be written as 

^ (kS7wS7u + awv) dx = — ^ / v dx, 

Q <? 

where f — f — div (lev®) + aO, that is, the problem reduces to 
the one investigated in Subsecs. 2 and 4. 

As in Subsec. 2, we confine ourselves to the case when a(x) ^ 0 

o 

in Q. Introducing in H l (Q) the scalar product according to formu¬ 
la (7), identity (4') can be written in the form 

where l(v) = — J (ky&yv 4- a<&v 4- fv) dx is a linear functional 

Q 

defined on IP-(Q) (v £ H 1 (Q)). Since 

1 1 (v) I < II /I|l j( Q) Ik I1l z (Q) + max k (x) || | VO | ||l i( q) || | Vv | ||l„(Q) 

xiQ 

+ max a (x) • || 0) || L , (Q) || v IIl 2 (q> (II / IIl 2 (Q> 4- II $ IIhrq)) II v ||. , 

x6Q H(Q) 

where the constant C 2 > 0 depends only on the coefficients k and a, 
the functional l is bounded and || l || ^ (|| / ||l 2 (q> 4- II O IIhhq)). 

Therefore by the Riesz theorem there is a unique function w in 

H 1 ^) which satisfies (4') and is such that || w ||o = || l || ^ 

H‘(Q) 

< C 2 (|| / ||l 2 (C) 4- || o lliD(Q)). Then the function u = w 4- <E> is a 
generalized solution of the problem (1), (2). Furthermore, 

II M IIhuQ)^ C 3 (II / !Il,(Q) 4“ II ^ IlffHQ)), 

where the constant C 3 > 0 does not depend on / or <I>, and hence 

II U IIh'(Q) 4 C(!I/I!l 2 (Q)4- inf ||0!1„, (Q) ), (47) 

<DffD(Q) 

^ laQ=T 

where the constant does not depend on / or q>. If the boundary func¬ 
tion q £ C 1 (dQ), these inequalities imply the inequality 

H u IIhmcd <ZC(\\f ||l 2 (o, 4- II q> Ibtao)). (47') 
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Let us show that the above solution is unique. Indeed, if there is 
another generalized solution u' , then the difference u= u — u' be- 

o 

longs to // x (0 and, by virtue of (4), satisfies the integral identity 
j (kyuyv + auv) dx = 0 for all v £ H 1 {Q). Since the left-hand 
Q 

o — 

side of this identity is the scalar product in H 1 ^) of functions u 
and v, it follows that u = 0. 

Thus we have proved the following assertion. 

Theorem 10. If a(x) ^ 0 in Q and cp is the boundary-value of a 
function belonging to H X (Q), then there exists a unique solution u of 
the problem (1), (2). This solution satisfies the inequality (47), and thus 
also the inequality (47') with <p £ C 1 ( dQ). 

Remark. As can be easily verified, the set®//of functions defined 
on dQ which are traces of some functions CD belonging to H X (Q) is a 
Banach space with the norm || q> = inf || <D ||m(Q). In view 

<K£H>(Q) 

®I«Q='P 

of this, inequality (47) can be written in the form 

II u llflHQ)-<C7 (|| /1 Il,(Q) + 119II oAi)- 

Next we consider the problem (1), (3). We recall that a function 
u £ H l {Q) is called the generalized solution of this problem if it 
satisfies the integral identity (5) for all v 6 ^(Q). In this case it is 
assumed that the boundary function 9 £ L 2 (dQ). 

Theorem 11. If a(x) ^ 0 in Q and either a(x) ^ 0 in Q or a(x)^ 
^ 0 on dQ, then for all f £ L t (Q) and <p £ L 2 {dQ) there exists a 
unique generalized solution u of the problem (1), (3). Moreover, 

II u IIh<(Q)< c (II / |lx.,(Q) + II TllL.IdQ)), (48) 

where the constant C > 0 does not depend on f or tp. 

Proof. By means of formula (10), we introduce in H 1 (Q) a scalar 
product equivalent to the usual scalar product. Then the integral 
identity (5) can be written in the form 

(u, v)hhQ) = l(v), 

where 

l(v)= — ^ fvdx -f f fapv dS 

Q dQ 

is a linear functional on H 1 (Q) (v 6 H 1 (Q)). 

By Theorem 1, Sec. 5.1, Chap. Ill, 

1 1 (») l<II / IIl,(Q) II v ||l 2 ( Q) + max k(x )-|| cp || LlW ) || v || wa Q) 

xe Q 

(||/||x., ( Q) + || <PIIl,( 8Q)) II l>llff><Q), 
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where the constant C > 0 does not depend on /, 9 or v. Therefore 
the functional l(v) is bounded and || l || ^ C[(\\f || Li( q) + || 9 ||l 2 ( 3 Q)). 
Accordingly, by Riesz’s theorem, there is a unique function u in 
H\Q) satisfying the identity (5); moreover, II u ||hhQ) = II l II < 
^ C (|| / ||l,(Q) + II <P IIl 2 (8Q))- | 

Now suppose that a(x) = 0 in Q and a(x) == 0 on dQ in the prob¬ 
lem (1), (3). \n'H l (Q) we define the scalar product 

(u, v)hhQ) — j (^VuV^-h uv) dx (49) 

Q 

equivalent to the usual scalar product. Then the integral identity (5) 
defining the generalized solution of the second boundary-value prob¬ 
lem for the operator div (ftv) assumes the form 

(». v) HHQ) — ( u , v)l 2 (Q) = l(v), (50) 

where 

l(v)— — j fudx-\- kqv dS (51) 

Q 80 

is a linear functional on H X (Q) (v 6 H l (Q)). Since, by Theorem 1, 
Sec. 5.1,^Chap. Ill, 

I l (v) |< || / ||x,,(Q) || v ||l,(Q) + max k (x) ■ || 9 ||l,(9Q) II v ||l 2 (8Q) 

*£Q 

(II /IIl ! (Q) + II9IIl j (8Q)) IMIh*(Q)> 

where the constant C' > 0 does not depend on /, 9 or v, the function¬ 
al l (v) is bounded and ||i || < C' (|| / ||l 2 (q) + || 9 ||l 2 ( 8 Q))- Accord¬ 
ing to Riesz’s theorem, there exists a unique element F' in H\Q) 
such that for all v £ H 1 ( Q) 

Kv) = {F\ v)h K Q) (52) 

and 

II F' llH•(Q) < C^ , (II /IIl 2 (q) + 1191^,(80))- (53) 

By Lemma 1', Subsec. 3 (the scalar product in H^Q) is defined by 
the formula (49)), there is a bounded operator A' from L 2 (Q) into 
H 1 (Q), with L 2 (Q) as the domain of definition, such that 

(u, v)l,(Q) = (A'u, v)hhq) (54) 

for all v 6# 1 {Q). If A' is regarded as an operator from H 1 ((>)into 
H 1 (Q), it is self adjoint and completely continuous. 

With the aid of (52) and (54), the identity (50) can be replaced by 
an equivalent operator equation in the space H^Q): 

u — A'u = F'. (55) 
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Since for the function 


uAx) = COnSt = —y=z 

V\Q 

(the scalar product in 


there holds the 


relation, (u lt u)l,(q> = (u lt u)hkq) (the scalar product in H 1 (Q) is 
defined by the formula (49)) for any v £ H X (Q), it follows from (54) 
that (A'u^ v)hhq ) = («!, v)lm) = (u x , v)a This means that 
the number 1 is a characteristic value of the operator A' and u x — 

= is the corresponding eigenfunction. Since any eigenfunc¬ 

tion u[ of the operator A' corresponding to the characteristic value 1 
satisfies the equality (u[, u;)h>(Q) = {A'u[, u[) h ^q) = {u[, u;) Ll(Q) , 
this eigenfunction satisfies 


j *| Vu; | 2 dx = 0. 

Q 

Accordingly, u\ — const, that is, the number 1 is a nonrepeated 
characteristic value of the operator A'. 

According to Fredholm’s third theorem, in order that Eq. (55) be 
solvable it is necessary and sufficient that the function F' be orthogo¬ 
nal in ' HHQ) to the function u, = r-— : ( F', , 1 ) =0. 

- 1 V\Q\ \ V\q\>hkq) 

This condition is equivalent, in view of (52), (51), to the condition 



(56) 


When this condition is fulfilled, Eq. (55) has a unique solution u 
which is orthogonal in H 1 (Q) to constant functions. This is a gener¬ 
alized solution of the problem under consideration. And, in view of 
(53), the inequality (48) holds, where the constant C does not depend 
on / or 9 . All other solutions differ from u by constant terms. Since 
for functions in H X (Q) the condition of orthogonality to constant 
functions in the scalar product (49) is equivalent to that of orthogo¬ 
nality to constant functions in L 2 (Q) with a scalar product, we have 
established the following result. 

Theorem 12. For the existence of a generalized solution of the prob¬ 
lem div (k(x) Vu) — /, ^ j 8Q — 9 it is necessary and sufficient that 

equality (56) hold. The generalized solution u is orthogonal to constant 
functions in L 2 (Q) with a scalar product, is unique and satisfies the 
inequality |(48). All other generalized solutions of the problem differ 
from the function u by constants. 

Remark. If / and 9 are real-valued functions, then so are the 
solutions described by Theorems 10-12. 

In the investigation of the first boundary-value problem for 
Eq. (1) with nonhomogeneous boundary condition there arose the 
following problem: Under what conditions the function 9 6 L 2 (dQ) 
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has an extension into the region Q belonging to H 1 (Q). As shown 
above, a sufficient condition for this is that the function q) belong to 
the space C 1 (dQ). Now we shall obtain a necessary and sufficient 
condition for the case when Q is a disc. 

Let Q(n — 2) be the disc {| a: | == p <T 1}, x = (x x , x 2 ) = 
= (p cos 0, p sin 8). On the circle dQ = {p = 1} we consider a real¬ 
valued function tp belonging to the (real) space L 2 {8Q), cp(0) £ 
6 L 2 (0, 2n). The Fourier expansion of <p(0), which converges in the 
norm of Z, 2 (0, 2n), is of the form 


where 


9(0)= + S ( fl fe cos + b k sin &0), 

ft=i 


2jc 

a h — | (p(0) cos kQ dQ, fc = 0, 1, 

o 

2ji 

b h = — f cp(0) sin kQ dQ, k — 1,2, ..., 
n o 

are its Fourier coefficients. 

According to the Parseval-Steklov equality, 

oo 

+ 2 (°h + ) = -^- II 9 IlLo, 2jl) < °0. 


(57) 


The following result holds. 

Theorem 13. For the function <p(0) 6 L 2 (0, 2 ji) to be a trace on the 
circle {| x | = 1} of a function belonging to H l { \ x | < 1) it is nec¬ 
essary and sufficient that the series 

oo 

2&K + 6J) (58) 

h=l 

converge. 

By (57), the sequences a h , b h , k = 1, 2, . . ., are bounded. There- 

oo 

fore the function 2 ( a h — ib k ) z h , where z = x x + ix 2 , is ana- 

ft=i 

lytic in the disc {| z | < 1). This means that the function 


w(x) = in(p, 0) = -y- + Re 2 (“ft — ib h) (*i + ^ 2 )* 

fe=l 

oo 

= —- + 2 P h ( a h cos ^0 -t- b k sin *6) (59) 

h=I 
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belongs to C°°(| x \ < 1), and the series (59) as well as those ob¬ 
tained from it by termwise differentiation converge absolutely and 
uniformly in the disc {| x | < r} for any r < 1. 

To prove Theorem 13, we shall require the following result. 

Lemma 4. In order that the junction w(x) defined by the series (59) 
may belong to the space H 1 ( \ x | < 1) it is necessary and sufficient 
that the series (58) converge. 

Proof. By w m (x) we denote the partial sum of the series (59): 

m 

= -y- 4- 2 P ft ( a * cos * 0 + b h sin * 0 ) • 

h=l 


Since all the functions of the system p ft cos kQ, p h sin kQ, k = 
= 0, 1, . . are mutually orthogonal in L 2 ( \ x | < 1) and 

I! p ft cos ke Ml,<|3c|<1) = II P A Sin kQ IImncd = £ . * = 4,2,. . 
for any p and q, q > p, we have 


IK — “>pIIL(I*I<i> 


2 *+i • 

s=p+i 


Therefore the convergence of the series (57) implies that of the se¬ 
quence w m (x), m — 1, 2, . . in L 2 (| x \ <C 1). Accordingly, th& 
function w £ L 2 (| x \ <; 1), and the series (59) converges to it in 

Ml* Id). 

Assume that the series (58) converges. Then (for q> p) 


||*e« — u>p||ip(|*i<i)= f [(»« — *P P ) a + | V (w q — w p )\ 2 ]dx 
I*I<1 

1 2ji 

= j pdp j [(Wq — W p ) z + (w qp — U> pp ) 2 + -^ (WqQ — u>) 2 ] 
0 0 


= 4 2 

()=p+l 


<+ b l 

*+1 


-f- n 2 * ( a h + 5jj) 

h=p+l 


0 


as p, q-y oo. That is, the sequence w m , m — 1, 2, . . ., converges 
in H 1 ^ | x | < 1). Consequently, w £ #*(1 x | < 1). 

Suppose now that w £ H x (| x | < 1). Since for any r < 1 the 
sequence of norms 


m g I 1,2 m 

il «* m iiiri(M<r)=4r (4+2 + 2 2 r *~* k (“Z +«). 

m = 1, 2, . 




h=l 
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being monotone nondecreasing, converges, as ra¬ 
the inequality 


■ oo, to II W ||ffl(|.x|<r), 


v k(al + bl) r 2h < || w m ||&i ( |«|< r) <~ || w ||in(|,|<r) <-^||> || Wld) 

h=i 

holds for all r<; 1 and all m. Consequently, the partial sums of the 
series (58) are bounded: 

m 

2 + &t)-<“|| ^IlmaxicD, ra— 1, 2 , .... 

fe=i 

that is, the series (58) converges. | 

Proof of Theorem 13. That the condition is sufficient is an immedi¬ 
ate consequence of Lemma 4, because, if the series (58) converges, 
the function w in (59) belongs to #*( | x \ < 1) and its trace on the 
circle {| x |==1} is <p. 

We shall, prove the necessity. Assume that there is a function 
<1> 6 H\ | x j <C 1) for ’which d>|{i*|=i) = 9. Then, by Theorem 10, 
the first boundary-value problem for Eq. (1) with boundary func¬ 
tion 9 has a generalized solution belonging to #*(1 x | *< 1). Let u 
be the generalized solution of the first boundary-value problem for 
Eq. (1), with k == T, a = / = 0, satisfying the condition u |{|*i=i) = 
= 9. It will be shown in Sec. 2.2 that the function u belongs to 
C°°{\ x | < 1) and] satisfies the equation Au = 0 in the disc {| x |< 
< 1}. We use this result, and expand the function u(x) = u(p, 0) 
with fixed fp 6 (0, 1) in a uniformly and absolutely convergent 
Fourier series in 0: 


where 


u(p, 0) = + 2 (Uk(p) cos kQ + V h (p)sin kQ ), 

h=i 

2n 

U h (p)=-L j u(p, 0) cos kQ dQ, k = 0,1 ,..., 

0 

2rt 

F ft (p)=-^-j u(p, 0) sin kQ dd, k — 1,2 ,.... 


The functions U h (p) (and F ft (p)), k = 0, 1, . . ., are infinitely 
differentiable for 0 < p < 1 and are bounded as p -v + 0. Since 
u 6 H 1 (| x | ■< 1), by the theorem on the traces of functions belong¬ 
ing to H l (| x | < 1) we have, as p 1 — 0, 

271 -A 

f (u(p, 0 ) — 9(0)) cos k6dd 0 ( ^ (u(p, 0) — 9(0)) sin kd dd 0 ) 

(i 0 
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for all k = 0, 1, .... This means that all the functions U h ( p) 
^h(p)) are left-continuous at the point p = 1 and U k (1) = 

= a h (F ft (1) - b h ), k = 0, 1. 

1 1 

Since for p£(0, l)Au = u pp -j— u p -\— r uee = 0, for such p 

P [P 


Ul(p) = — f Upp (p, 8) cos &0 d0 ==-— f u p cos &0 dQ 

it j up j 

o o 

2 n 

— Sp2 j U00 cos kQdQ — -^ U’ h + ~U h , * = 0, 1, ... 


This means that for any k = 0, 1, ... the function U k {p) satisfies 

1 k 2 

the ordinary (Euler’s) differential equation y" -\- —y' — y = 0 

for 0 < p < 1. The general solution of this equation is of the form 
Bp h + Cp~ h , k^= 0, and B + C In p when k — 0, where B and C 
are arbitrary constants, therefore (p) = a h p h , k — 0 , 1 , . . .. 
It is similarly shown that F fe (p) = b k p ft , fc — 1,2, .... 

Thus the function u belonging to H\ \ x | < 1) coincides with the 
function win (59). And then, by Lemma 4, the series (58) converges. | 
Let us utilise this theorem in constructing the function cp (0) 
continuous on the circle {p = 1} which cannot be extended into 
the disc (| x | <; 1} by a function belonging to H l (\ x | < 1). Put 


<p(0) = 2 


cos k 3 Q 
k 3 


Since this series is uniformly convergent, the function <p 6 
£C(| x ] — 1). But at the same time, in view of Theorem 13, it can¬ 
not be the trace of any function belonging to J^d x | < 1), because 

oo 

the series (58) (which has the form 2 ^' (k 3 ) 3 ) ^ or diverges. 

fe=i 

9. Variational Method for Solving Boundary-Value Problems. 
Let H' be any subspace of the real space in particular, H' 

may coincide with the whole H\Q). We shall assume that a scalar 
product is defined in H' that is equivalent to the usual scalar pro¬ 
duct in H^Q). 

We take a real function / £ L 2 (Q) and on H’ consider the func¬ 
tional 


E(v) = \\v\\h + 2(f,v) LM) , v£H’. (GO) 
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Since l(/> v) LM) K ll/lk.(Q) ll v llc 2 (Q)< c ii /lk»(«) ll V ||h'. for all 
v£H' 

E (v) >\\v\\b-2\ (/, v) LM) \>]\v \\h -2C\\v ||fl. I! / |k( Q) 

- (II » Ik - C || / |k< Q >) 2 - C 2 || /1| l l(Q) > - C* || / ||? I(Q) . 

This means that the range of values of the functional E on H' is 
bounded below. Let d = d(H') denote the exact lower bound of the 
functional E on H 

d = inf E(v). 

vtH- 

A function u in H' is said to realize the minimum of the functional E 
on H' if 

E(u) = d. (61) 

Like the number d, the function u, of course, depends on the choice 
of the subspace H'. 

By the definition of the exact lower bound, there is a sequence 
of functions v m , m = 1, 2, . . ., in H' for which 

lim E(v m ) = d. (62) 


Any such sequence is called a minimizing sequence for the func¬ 
tional E on H'. 

Lemma 5. For any subspace H' of the space H^Q) (in particular, 
H' may coincide with the whole H'(Q)) there is a unique function u 
in H' realizing the minimum of the functional E on H'. Any minimiz¬ 
ing sequence for the functional E on H' converges to this function in 
the norm of H l (Q). 

Proof. Suppose that a sequence v m , m = 1, 2, ...» of elements 
in H' is a minimizing sequence for the functional E on H'. Then 
given an e > 0 a number N = A^(e) can be found such that for all 
m N 


d <C E(v m ) d + e. 


(63) 


Since 


lows that 


Vm + VS ^ H , = -^\\ v m\\H' + ^-\\v s \\ 2 H' ±\(v m ,V s ) H ', it fol- 


Pm + Ps 

2 

4- 

v m v s 

2 

H' ' 

2 


4 II ||tr -L- £ 

.=1(11 Vm v * ll«')- 


Taking into account (60), the last relation yields 

v m v s 


= T (II +II ■’•W-1 

= !<£(„„) + £ <„,))- E . 
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But E ( Vm + u -~- j ^d, and the functions v m and v s satisfy inequal¬ 
ities (63) for m, s~^N; this implies that 

0<|| m 2" s | H ,'^'2' (^~t~ e + d -f- e) — d — e 

for all m, s N. Since e > 0 is arbitrary, this means that the se¬ 
quence under consideration is fundamental in H 1 (Q). Consequently, 
there is a function u in H' to which this sequence converges in the 
norm of H\Q), but then || v s ||h- ->■ || u || ff . and (/, v s ) LdQ) -> 
-*-(/, u)l 2 (q ass->oo. Accordingly, E(v s )-+E(u). The equality 
(61) now follows from the relation (62). 

We shall now show that the function u realizing the minimum of 
the functional E on H' is unique. Suppose that there are two such 
functions u t and u 2 . Then the sequence u ± , u 2 , u l5 u 2 , ... is a min¬ 
imizing sequence for the functional E on H' and does not converge 
in H ', which contradicts the assertion just established. | 

We now set forth the Ritz method for constructing a minimizing 
sequence for the functional E. In H' take an arbitrary linearly inde¬ 
pendent system of functions q> ft , k = 1, 2, . . ., whose linear hull is 
everywhere dense in H'. When H' = H l (Q), for such a system one 
can take the set of all monomials x 06 = x? 1 ... x where a is 
any rc-dimensional vector with nonnegative integer components. 

We denote by R h the ^-dimensional subspace of H' cz H X {Q) 
spanned by qq, . . ., ip^, and find the element which realizes the 
minimum of the functional E on R h (such an element exists, by 
Lemma 5). Since any element in R h can be expressed in the form 
Ci<Pi + . . . + CftCph with some real constants c h this problem is 
equivalent to that of finding the minimum of the function 

F(ci, . .., c h ) = E(c t (p t -(-••• + Cftipjt) 

h h 

= 3 C,C;(<Pi, 9j)H' + 2 Ci (/, (P,)l 2 (Q) 

i, i=l i=l 

with respect to c x , . . ., c h . 

The vector (c t , . . ., c h ) where the function F attains its minimum 

dF 

is a solution of the system of linear equations —— = 0, i = 1, ... 

CfCl 

. . k , that is, of the system 

h 

3 (<Pi. V})h-c } + (/, <P i) L ,(Q) = 0, 1 = 1,...,*. (64) 

i=l 

The determinant of the system (64), called Gram’s determinant of 
the system q> l5 . . ., q> ft , is not zero. Indeed, if it were zero, the li¬ 
near dependence of its rows would imply the existence of constants 
Si, . . m Sfc, I Si I + • • • + | Sfc | =£ 0, such that h (q> x , q>,V + . . . 
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• • • + Es (<P&> q>j)H' — 0 for all / = 1, . . k. This would mean 
that the function gjipj + ...-+- is orthogonal to all the func¬ 
tions <pn . . cp h , that is, |j(p a + . . . + £fc(p h = 0, contradicting- 
the linear independence of the system <p x , . . (p fi . 

Thus the linear system (64) has always a unique solution c!j, ... 

. . ., Cft. Then the function 

ujt — c i<Pi + • • • + (65) 

belonging to R h realizes the minimum of the functional E on R h . 
The sequence of functions v h , k = 1, 2, . . ., is called the Ritz 
sequence for the functional E with respect to the system cp lt <p 2 , . . .. 

Lemma 6. The Ritz sequence v k , k — 1,2, . . oj the junctional E 
with respect to an arbitrary linearly independent system oj junctions 
(p k , k — 1, 2, . . ., whose linear hull is everywhere dense in H' is a 
minimizing sequence for the junctional E on H'. The sequence v k , 
k = 1,2, . . ., converges in the norm oj H\Q) to a junction u which 
realizes the minimum oj E on H'. 

Proof. As Jij c Hj c . . . cz R h a . . . c= H', 

E{Vi)^E(v 2 )^ ... ^ E(v h )^... ^d. (66) 

Since the linear hull of the system cp*, k — i, 2, . . is everywhere- 
dense in H ', for any e > 0 we can find numbers k = k (e) and 
c[ (e), . . ., Cft (e) such that || u z — u ||h- ^ 6, where u E = 
== c|(e) <p x + ... + ch (e) cp ft belongs to R h . Then (60) yields 

E(u e ) = || u e \\b + 2 (/, u e ) LtiQ) = || u e — u + u HI,/ 

+ 2 (/, u e — u + u) L , (Q) = E(u) + E(u e — u) + 2(u e — u, u) H . 

< d +1 E(u e — u) I + 2 || u E — u || H ' II U || H / <d + 1| u e — u ||i,- 
+ 2C || /||l,(Q) || n-e —w||h- + 2 || u e —u\\ H - 1| u ||„' 

<^d-fe 2 -j-2C || / ||L,(Q)e + 21| u ||h' d-j- C t e 

with a constant C a > 0. As the minimum of E on R h is attained on 
the function v h , (66) implies that d ^ E{v s ) ^ E(v h ) ^ d + C je 
for all s k. This means that E(v s ) ->- d as s—oo. The convergence 
of the sequence v s , s = 1, 2, . . ., to the function u follows from 
Lemma 5. | 

We shall now establish an important property of the function u 
which realizes the minimum of the functional E on H'. Take any 
function v £ H' and any real number t. The function w t — u + tv 
belongs to H ', therefore the polynomial (in t) P(t) — E(w t ) = 
= E(u) + 2 1 ((u, v) H ' + (/, v) L iQ) ) -f- P || v IIh- > d for all t 6 
£ (— oo, + oo). Moreover, P(0) = E(u) = d. This means that 

<=0 =2((U, v)h’ + U, v)L t (Q)) = o. 


dP 

dt 
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Thus any function u in H' realizing the minimum of E on H' 
satisfies the identity 

{u, v)w + (/, v)l,(Q) = 0 (67) 

for all ve H'. 

The manner in which the scalar product equivalent to^the scalar 
product in H*{Q) is defined in H' was so far immaterial. 

Let H' — H'(Q). Take functions k{x) 6 C (Q), k(x) ^ k 0 — 
= const > 0, a(x) £ C (Q), a(x) >0 in Q and o (x) 6 C{dQ), 
0(2) >0 on dQ, and assume that either a(x) 0 in Q or 0(2) =£ 
=£ 0 on dQ. We define a scalar product in H^Q) by the formula (10): 

( u , v)hhq) — j (/c S/u S7v -f auv) dx + j kauvdS. 

Q dQ 

Then identity (67) coincides with the identity (6): 

j {k Vu Wv + auv) dx-\~ kauvdS = — j fvdx, 

Q Sq Q 

defining the generalized solution of the third or second (if 0 s= 0) 
boundary-value problem for Eq. (1) (with homogeneous boundary 
conditions). 

If H' = H^Q) and the scalar product in H*{Q) is defined by the 
formula (7): 

{u, v)f n(Q) = j (k S7uWv-\-auv)dx 

Q 

{k (x), a (x) 6 C (Q), k (x) ^ k 0 > 0, a (x) 0), then the identity 

(67) coincides with the identity (4) defining the generalized solution 
of the first boundary-value problem for Eq. (1) (with homogeneous 
boundary condition). 

Thus the following result has been established. 

Theorem 14. There is a unique junction u in H^Q) which realizes 
the minimum of the functional E on H^Q). If the scalar product in 
IP{Q) is defined by (10), then this function is a generalized solution of 
the third or second {if 0 == 0) boundary-value problem for Eq. (1) {with, 
homogeneous boundary condition). 

O 

There is a unique junction u in H r {Q) realizing the minimum of the 

o o 

functional E on H l {Q). If the scalar product in H 1 (Q) is defined by 
formula (7), then this function is a generalized solution of the first 
boundary-value problem for Eq. (1). 

Theorem 14 provides an alternative method, the variational meth¬ 
od, different from the one employed in Theorems 1 and 2 for estab¬ 
lishing the existence and uniqueness of generalized solutions of the 
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boundary-value problems examined in Subsec. 2, and indicates the 
variational significance of generalized solutions. 

o 

If the subspace H' coincides with H l (Q)(H 1 (Q)) and the scalar 
product, equivalent to the usual scalar product, is defined there by 
the formula (10) ((7)), then, by Lemma 6 and Theorem 14, the Eitz 

o 

sequence v k , k = 1, 2, . . ., for the functional E on H l (Q) 
converges in H l (Q) to the generalized solution of the third (first) 
boundary-value problem for Eq. (1). That is, the Ritz sequence may 
be regarded as an approximation to the generalized solution of the 
boundary-value problem for Eq. (1). 

Thus we have the following result. 

Theorem 15. The Ritz sequence for the functional E defined on 

o 

H l (Q) or on H l (Q) (the scalar product is defined by (10) or (7)) con¬ 
structed with respect to any linearly independent system of func- 

o 

tions whose linear hull is everywhere dense in H l (Q) or H l (Q), res¬ 
pectively , converges in H l (Q) to the generalized solution of the cor¬ 
responding boundary-value problem (third or first) for Eq. (1). 


§ 2. SMOOTHNESS OF GENERALIZED SOLUTIONS. 

CLASSICAL SOLUTIONS 

In the preceding section we examined the question of solvability 
of basic boundary-value problems for the second-order elliptic 
equations. We shall now investigate the smoothness of solutions of 
these problems. 

We shall assume that the data of the problem under consideration 
are real-valued. Then, as noted in Sec. 1, the generalized solutions 
of these problems are also real-valued. Accordingly, by solutions in 
the sequel we shall mean, unless otherwise stated, real-valued fun¬ 
ctions—the elements of real spaces C k (Q) or H h (Q ), A; = 0,1, 2, .... 

In the investigation of smoothness of generalized solutions it is 
advantageous to consider the one-dimensional case separately, since 
the results obtained in this case are, in general, not true for n f> 1. 
Moreover, the investigation in this case is far more simpler. In par¬ 
ticular, when n = 1 , the generalized solutions of the boundary- 
value problems (they belong to the space H l ( a, p)) are continuous 
functions on [a, pi, by Theorem 3, Sec. 6.2, Chap. III. The question 
of extension of a function defined on the boundary into the region 
by a function in H l (a, P) is also easily solved in the one-dimensional 
case: if 0| x==a = <p 0 , <l>| x== p = <p x , then for such an extension one 

can take the linear function <I> = —ir——^ 2 "- 

p — cl p — a 
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1. Smoothness of Generalized Solutions in the One-Dimensional 
Case. We recall that in the classical formulation the boundary- 
value problems for the equation 

Xu == ( ku')' — au — f, x £ (a, P), (1) 

consist in finding the solution u{x) of this equation which satisfies 
the following conditions: in the case of the first boundary-value 
problem u(x) £ C 2 (a, P) f| C([a, p]) and 

W |x=a— *Po> w |x=p — <Pi, (2) 

in the case of the third (second) boundary-value problem u(x) £ 
£ C 2 (a, p) fl C\[ a, p]) and 

( — u x + a 0 u) | x=0 = <p 0 , (u* + o 1 u)|* =p = (jp 1 . (3) 

Here k(x) £ C 1 ([a, p]), a(x) £ C(la, p]) and f(x) are given func¬ 
tions with k(x) k 0 > 0; a 0 , cr x , <p 0 , fp x are given constants. 

The generalized solution of the problem (1), (2) (/ £ L 2 (a, P)) is 
the function u(z)£ // 1 (a, P) satisfying the integral identity 
P P 

j {ku'v' -\-auv) dx =—j fvdx (4) 

a a 

for all v £ H\a, P) and the boundary conditions (2).. 

The generalized solution of the problem (1), (3) (/ £ L 2 (a, P)) is 
the function u(x) £ H x (a, P) satisfying the integral identity 
P 

j (ku'v' -f- auv) dx -j- ft(P) (Xji^P) f(P) + k(a) o 0 u(a) v(a) 

a 

3 

= — j fv dx + A'(P) tpi^(P) + k(a) <p 0 i>(a) (5) 


for all i>£tf x (a, p). 

The following auxiliary proposition holds. 

Lemma 1. If / £ C([a, p]), then the function u(x) £ H x (a, P) 

o 

satisfying the integral identity (4) for all v £ H 1 (a, §) belongs to 
the space C 2 ([a, p]) and is a solution of Eq. (1) in the interval (a, P). 
Proof. Since the function u(x) £ C([a, P]) ( H l (a , p) cr C([a, pj)), 

3C 

/ +au£C([a, p]) and j (/(£) -f a(£) u(Q) d£ £ C\[a, pi). Consider 

0 


X T) 

the function u 0 (x) = j j (/(£) + a(%) u(£)) d|. By the 

o o 

tions imposed on k(x), the function u 0 (x) £C z ([a, P]), and, 


condi- 

more- 


14-0594 


~PiOuc. Tffdf/ttmtftf C-tiL 


210 


PARTIAL DIFFERENTIAL EQUATIONS 


over, is a solution on (a, P) of the differential equation ( ku ' 0 )' = 
= f(x) + a(x) u(x) . Therefore the function u 0 (x) satisfies for any 

v £ H l (a, P) the identity 

P P 

j ( ku' 0 v ' -j- auv) dx — — j fv dx, 

a a 

which means that the function u 1 — u — u 0 belonging to J fl rl (a, P) 
satisfies the integral identity 
P 

| ku[v' dx = 0, v£H l (a, P), 

a 

thereby implying that on (a, P) the function ku[ has a generalized 
derivative equal to zero. Consequently, ku\ — const, that is, u x £ 
6 C 2 ([a, p]). Therefore also u(x) £ C 2 ([a, p]). 

P P 

Since ^ ku’v'dx— — j (ku')'vdx for all v £ jT x (a, P), (4) im- 

a a 

plies that the function ( ku')' — a(x) u(x) — f(x) continuous on 
[a, p] is orthogonal (in L 2 ( a, P) with a scalar product) to any func¬ 
tion belonging to /f 1 (a, P). Therefore the function u(x) is a solu¬ 
tion of Eq. (1) in (a, p). | 

The generalized solution u(x) of any of the first, second or third 
boundary-value problems belongs to H 1 (a, P) and for it identity (4) 

holds for all v 6 H 1 (a, P). Therefore, by Lemma 1, u(x) £ C 2 ([a, p]) 
and u(x) is the solution of Eq. (1) in (a, P). 

Thus we have shown that if / 6 C([a, p]), the generalized solutions 
of the boundary-value problems under discussion have continuous 
derivatives up to order 2 on [a, p] and satisfy Eq. (1). Moreover, it 
is evident that in the case of the first boundary-value problem the 
function u(x) satisfies the boundary conditions (2). In the case of 
the third (second) boundary-value problem, 

P P 

j 1 ku'v' dx — — j (ku')' v dx -}- &(P) u' (P) y(P) — k( a) u'(a) v(a) 

a a 

for any v (x) 6 H 1 ( a, P). If account is taken of (5), this gives 
&(P) (w'(P) + ffiw(P) — cpi) y(P) + k(a) (— u'(a) + 0 o u(a) — q> 0 ) v(a) = 0 

for any u(P) and v(a) (recall that for any v(a) and u(p) there is a 
function v(x) in LT^a, P) assuming the values v(a) and u(P) at 
x — a and x = p). Hence the function u(x) satisfies the boundary 
conditions (3). 
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Thus we have proved the following theorem. 

Theorem 1. If the function f(x) £ C([a, p]), then the generalized 
solutions of the first, second and third boundary-value problems for 
Eq. (1) belong to C 2 (la, pi) and are classical solutions of the corres¬ 
ponding problems. 

Suppose that u s (x) is a generalized eigenfunction of, for example, 
the third (second) boundary-value problem for the operator X. This 
means that u s (x) £ H 1 (a, P), and hence u s (x) £ C([a, PI), and 
satisfies the equality 

(J 

j (ku' s v' 4- au s v) dx -f k{ P) OjU^P) u(P) + k(a) o 0 u s (<x) y(a) 

a 

3 

h s ^ u s v dx, 

a 

where h s is an eigenvalue, for all v £ H 1 (a, P). By Theorem 1, the 
function u s (x ) belongs to C 2 ([a, p]) and is a classical solution of the 
equation 

Xu = (ku')’— au = h s u, x£(a, P), (6) 

satisfying the homogeneous boundary conditions (3), that is, u s (x) is 
a classical eigenfunction of the third (second) boundary-value pro¬ 
blem for the operator X. 

It is similarly shown that the generalized eigenfunction u s (x) of 
the first boundary-value problem belongs to C 2 ([a, pi) and is a 
classical eigenfunction of the same problem. 

Let us show that the eigenvalues of any of the boundary-value 
problems are nondegenerate. Assume that there is an eigenvalue 
of, for example, the third boundary-value problem to which there 
correspond two linearly independent eigenfunctions u <v and u <2) . 

We know that the general solution of Eq. (6) is of the form 
C{u a) + C 2 u ( 2> , where C x and C 2 are arbitrary constants. This means 
that any solution of Eq. (6) must satisfy the boundary condition 
u'( a) — o 0 u ( a ) = 0> because this boundary condition is satisfied 
by both the functions u (1> and u <2) . But there is a solution of Eq. (6) 
that does not satisfy this condition, for example, the solution with 
initial conditions u(a) = 0, u'(a) = 1. 

Thus we have established the following result. 

Theorem 2. The generalized eigenfunctions of the first, second and 
third boundary-value problems for the operator X belong to C 2 ([a, pi) 
and are classical eigenfunctions of the corresponding problems. All the 
eigenvalues are nondegenerate. 

2. Interior Smoothness of Generalized Solutions. We shall now 
examine the question of smoothness of generalized solutions of bound¬ 
ary-value problems when n > 1. In order that the essential points 

14* 
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do not get lost in technical details, we confine our discussion to a 
particular case of Eq. (1) of the preceding section, and investigate 
the smoothness of the generalized solutions of the boundary-value 
problems for Poisson’s equation (k == 1, a == 0) 


A u = /. (7) 

We recall that the generalized solution of the first boundary-value 
problem for Eq. (7) is a function u(x) in H\Q) satisfying the integ¬ 
ral identity 

S7uS7v dx — — [ fv dx (8) 

J 

Q Q 

o 

for all v £ H 1 ^) and the boundary condition u|aQ = <p (the func¬ 
tion f £ L 2 (Q) and cp is the trace of a function G> belonging to H^Q ), 
that is, there is a function <J> £ H^iQ) such that <1> |aQ = <p). 

The generalized solution of the third (second) boundary-value 
problem for Eq. (7) is a function u(x) 6 H X (Q) satisfying the in¬ 
tegral identity 

j Vw Vu dx + j ouv dS = — 

Q dQ Q dQ 


j fv[dx + \ (pvdS (9) 


for all v £ H l (Q) (the function / £ L 2 {Q) and <p 6 L 2 {dQ)). 

The results of the preceding section imply that the generalized 
solution u(x) of the first boundary-value problem exists, is unique 
and satisfies the inequality 


1II U ||hi<q)<C^ || J ||l,(Q) + 


inf ||<D|| H i«})\, 
<I> leQ =< P 


( 10 ) 


where the constant C does not depend on / or cp. 

The generalized solution u(x ) of the third boundary-value prob¬ 
lem with a ^ 0, a 0, also exists, is unique and satisfies the in¬ 
equality 

II u ||h!(Q)<C (|| / ||l,« 3) + || <p ||l,(8Q))i (11) 


where the constant C does not depend on / or cp. 

In the case of the second boundary-value problem (a = 0) the 

condition of its solvability is assumed fulfilled: — ^ / dx+ ^ q> dS= 

Q dQ 

= 0. Then the second boundary-value problem has a unique general¬ 
ized solution u(x ) in the class of functions which are orthogonal to 
the constant functions with respect to L 2 {Q) with a scalar product, 
and for this solution inequality (11) holds. Because all other gener¬ 
alized solutions differ from u(x) by constant terms, we may confine 
ourselves to the function u(x) in investigating the smoothness of 
generalized solutions of the second boundary-value problem. 
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Lemma 2. Suppose that f £ L 2 (Q) n Hioc(Q), k = 0, 1, 2, . . 
and the function u £ II 1 (Q) and satisfies the integral identity (8) for 

all v £ H^Q). Then u £ H\tc{Q) and for any pair of subregions Q' 
and Q" of Q, such that Q' (g Q" (E Q, the inequality 

H U llH fe+ 2 (Q') : ^ C, (ll/llH ft (Q") + II U ilHMQ") ) ( 12 ) 

holds with a positive constant C = C(k, Q', Q"). 

Proof. Let Q ', Q" be arbitrary subregions of Q such that Q' (E 
( £zQ"(£-Q . By 5 > 0 we denote the distance between^the bounda¬ 
ries dQ' and dQ", and consider the function t(x) such that t(x) £ 
£ C°°(R n ), £(ar) = 1 in (and thus in Q'), t,(x) = 0 outside Qld/i- 
For function v (x) in identity (8) take the function Z,{x) v 0 (x), 
where v 0 (x) is any function in EP(Q") extended as being equal to 

o 

zero outside Q" (obviously, t{x) v 0 (x) £ H^Q)). Since S/u S/v = 

— Vn- V(^o) — Vu(V^ - ^o "i - SV^o) — V^'Uq H - V(S w )V y o 

— u VS V^o» the identity (8) assumes the form 

j VU ’Vv 0 dx— j Fv 0 dx+ j u'V^W 0 dx, (13 0 ) 

Q" Q" Q" 

where the function 

U(x) — t(x) u(x) (14) 

belongs to H^Q"), vanishes outside Q 26/3 and coincides^with u(x) 
in Ql, and the function 

F(x) = -n - Vu v£ (15) 

belongs to L^Q") and vanishes outside Qlc,/ 3 - 

Note that the integration in (13 0 ) is, in fact, over @26/3. Therefore 
this identity is true not only for any v 0 £ H 1 (Q”) but also for any 
v 0 £ (extended arbitrarily outside @<5/2, as an element of 

W'))- 

Take any function v^x) belonging to H\Q") and extended as 
being equal to zero outside Q". For any i — 1, 2, . . ., n and any h, 
0 < | h | < 6/2, the finite-difference ratio 

8* hV ( x ) = v i( x i> x i h, Xj+i, ...,x n ) i>j(x) 

belongs to H^Qhf) f] L^Q"). Put in (13 0 ) v 0 — 8-h.v^x) 
for some i — 1, 2, . , >, n and some h, 0 < | h | < 8/2. The for¬ 
mula of “integration by parts” ((9), Sec. 3.4, Chap. Ill) yields the 
- dentity 

f V6hf/ Vt>i dx= — f F6l h v l dx+ f 6^ (u V?) Vi>i dz. (16 0 ) 
Q " Q'28/3 O' 
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We shall first prove the lemma for k — 0. From (15) it readily 
follows that 


II F I|l 2 <Q")<£"(<?', Q") (|l / |Il 2 (q-') + || u ||hi(Q”)). 

Therefore from (16 0 ), by means of Theorem 3, Sec. 3.4, Chap. Ill, 
we obtain the inequalities 

j [ VKU Vnid2:|<(||F|| L! (Q- ) + C||«||Hi(Q"))||| Vui | Ut^Q") 

Q" 

<C (<?', Q") (II / IImq”) + II u ||hi« 3")) || I Vui I ||l 2 <q-'). 

Putting v x = 8iU (V is assumed extended as being zero outside Q), 
we find that 

|| | v8 l h (7 I ||l 2 (Q")<;C’ «?', Q”) (|| / ||l 2 (Q") + II u I|hi(Q">) 

for all i = 1, 2, . . ., n, 0 < | h | < 6/2. 

In view of Theorem 3, Sec. 3.4, Chap III, the last inequality 
implies that U 6 H 2 {Q") and || U ||h 2 (Q") ^ C(Q', Q") (|| / ||l 2 (Q") + 
+ || u IIhro") )• Because U = u in Q ', it follows that u £ H 2 (Q') 
and the inequality (12) holds for k = 0. Thus u £ Hi 0C (Q), 
since Q' is any subregion of Q. 

Now let / £ HTociQ)- Suppose that u has the following properties: 
u £ H\w?(Q) for any pair of subregion Q x and of Q such that 
Q x <g Q 2 <§5 Q, u satisfies the inequality (12) for k = m: 

l| u llH m+2 (Qi)^^ &) (|| / llH m (Q 2 ) + II U l|ffl«5,))’ (12 m ) 

and for any a, | a | ^ m, i — 1, 2, . . ., n and 0 < | h | < 6/2 the 
identity 

j V6 UD a U) Vu m +i dx 

, . . 

= - j D a F8l hVm+i dx + J 6^ (D a (u V£)) Vn m+1 dx, (16 m ) 
Q’26/3 ^ 

where v m + x is any function in holds. Note that the above 

properties have already been established for m = 0. 

According to the above hypotheses, (14) and (15) imply that 
D a U 6 H 2 {Q") and D a F 6 H\Q"), therefore, by Theorem 3, Sec. 3.4, 
Chap. Ill, we may pass to the limit, as h 0, in (16 m ). Thus for 
any a, | a | = m, i = 1, 2, . . ., n, we obtain the equality 

\ VD a U x .Wv m +idx= — j D a F(v m+l ) x .dx+ J D a (uV£) x .S7v m +idx, 
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whence it follows that 

j VD a U x .Vv m+i dx= J D a F x .v m+i dx+ J D a (uV£) Xi W m+l dx (13 m+1 ) 

Q" Q" Q" 

for all v m+1 6 H l (Q") (the function D a F vanishes outside Qh/s)- This 
equality coincides with (13 0 ) if we replace there D a U Xi by U, D a F Xi 
by F, D a (uVQ Xi by uV£ and v m+1 by v 0 . Moreover, D a U Xi 6 
6 H^Q"), vanishes outside Q'tbis and coincides with D a u Xi in Q%, 
while D a F x . £ L 2 ( Q") and vanishes outside Q’^/a- Since the in¬ 
tegration in (13 m+J ) is, in fact, taken over Q 26/3 , in the last 
equality we can put v m+1 (x) = fr h v m+2 (x), 7 = 1, 2, . . ., n, 
0 < | h | < 6/2, where v m+2 is an arbitrary function in H l {Q"). 
This results in 

J vV h (D a U x .) Vf m + 2 dx 
Q" 

= — ^ D a F x .f)L h v m+2 dx- f- y K(D a (u V£)*.) Vv m+2 dx. (16 m+1 ) 

Q" Q" 

Using the inequality (12 m ) (with Q l = 06/3, Q 2 = <?")> from (15) 
we obtain 

II F ^ 0 (|l / IIH m+1 (Q") "T II u lln m+2 (Q26 ; /^)^ 

< C 2 (|| / IIh™ +i (Q") + H U l|Hl(Q"))- 

Setting in (16 m+1 ) v m+2 = 6^ (D a U Xj ) and again using Theorem 3, 
Sec. 3.4, Chap. Ill, we find that u 6 H™c 3 (Q) and the inequality (12) 
holds for u(x) for k = m -j- 1. | 

As a corollary to Lemma 2, we have the following result. 
Corollary. Suppose that f £ L 2 (Q), and the function u £ H 1 (Q) 

o 

and satisfies the integral identity (8) for all v 6 H X {Q). Then the func¬ 
tion u(x) satisfies Eq. (7) ( a.e .) in Q. 

We must show that the sum of the generalized second derivatives 
u xixi + . . . + u XnXn (the existence of these derivatives has just 
been established) equals / a.e. in Q. As v(x) in (8) we take an arbitra- 

o 

ry function belonging to H 1 (Q’), Q' (E Q, extended outside Q' by 
assigning to it the value zero. Since u 6 H 2 ( Q '), the Ostrogradskii’s 

formula yields that j (A u — /) v dx = 0, whence it follows that 
Q' 

Au — f — 0 (a.e.) in Q' , and hence (a.e.) in Q. 

The generalized solutions u(x) of the first, second and third bound¬ 
ary-value problems for Eq. (7) satisfy the hypotheses of Lemma 2 
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as well as the inequality (10) or (11) (the solution u(x ) of the second 
houndary-value problem is assumed orthogonal in L 2 (Q) to constant 
functions), therefore from Lemma 2 and Theorem2, Sec. 6.2, Chap. Ill, 
the following result follows. 

Theorem 3. If f 6 L,{Q) f] H\ 0C (Q), k ^ 0, then the generalized 
solutions u(x) of the first , second and third boundary-value problems 
for Eq. (7) belong to Hyoc^iQ) o,nd satisfy Eq. (7) (a.e.) in Q. For any 
subregions Q' and Q" of Q, Q' g Q" g Q, there exists a positive constant 
C depending on Q ', Q" and k such that 

II u Wn h+2 (Q’) II / IIh^(Q"> + II f 11^2(0) + og ^ Q) II ® H H1 («)) 

'DISQ^'P 

for the first boundary-value problem and 

II “ //fl ft+2 (Q') ^ C (II / Wh\q ") + II f ll^(Q) + II T Hm^Q)) 

for the second and third boundary-value problems (in the case of the 
second boundary-value problem it is assumed that ^ u dx = 0). 

Q 

If kf^ [~f-] — 1. then u(x)£C h+1 ^ 2 ^(<?). In particular , if 

f € L 2 (Q) n C°°(Q), then u(x)£C°°(Q). 

Theorem 3 implies that the smoothness of generalized solutions of 
boundary-value problems for Eq. (7) in the interior of Q does not 
depend on the type of boundary conditions nor on the smoothness of 
the boundary or on that of boundary functions. The interior smooth¬ 
ness depends only on the smoothness of the right-hand side f(x) 
of the equation. The result obtained above is utmost precise: the 
smoothness of the solution is higher than that of the right-hand side 
by a number equal to the order of the equation. 

Remark. For the one-dimensional case it was shown, in particular, 
that if the right-hand side of Eq. (7) is continuous, then the general¬ 
ized solutions have continuous derivatives up to order 2. Analogous 
result does not hold for the multi-dimensional case. Later (Subsec. 3 
of the next section) an example will be given of a function f(x) 
continuous in Q such that the generalized solution of the first bound¬ 
ary-value problem for the Poisson equation (7) does not belong to 
C*(Q) (it belongs, of course, to H\ 0C (Q))- 

3. Smoothness of Generalized Solutions of Boundary-Value Prob¬ 
lems. In the preceding subsection the interior smoothness of general¬ 
ized solutions was established, that is, we established that the 
solutions belong to the spaces H] 0C (Q) or C l (Q) for some k and l. 
Here we shall examine the smoothness of generalized solutions of 
boundary-value problems in the whole of Q, that is, the question of 
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the solutions being contained in the spaces H k (Q) or C l (Q). Natu¬ 
rally, the smoothness of solutions “right up to the boundary” depends 
on the smoothness of the boundary as well as that of boundary func¬ 
tions. 

It will be assumed that the boundary dQ € C h+2 for some k 0. 
We first examine the case of homogeneous boundary conditions. 
The generalized solutions of the first or second boundary-value prob¬ 
lems* with homogeneous boundary conditions (the function <p, the 
right-hand side in the boundary conditions, is zero) for Eq. (7) are 

functions belonging to the spaces H X {Q) or H *((?) and satisfying the 

o 

integral identity (8) for all v belonging to H\Q) or to H 1 {Q), respec¬ 
tively (in the case of the second boundary-value problem the func¬ 
tions / and u are assumed orthogonal to constant functions in L 2 {Q)) 
with a scalar product. 

Theorem 4. // / € H h (Q) and dQ 6 C h+2 for certain kf^-0, then 
the generalized solutions u(x) of the first and second boundary-value 
problems with homogeneous boundary conditions for the Poisson equa¬ 
tion (7) belong to H k+2 (Q) and satisfy {in the case of the second bounda¬ 
ry-value problem it is assumed that [ u dx — 0) the inequality 

J 

Q 

II U llH fe+2 (Q)-^^ II f llffk(Q)* (17) 

where the constant C > 0 does not depend on /**. 

Proof. Let x° be an arbitrary point on the boundary dQ. Let the 
system of coordinates be chosen in such a way that the point x° 
becomes the origin and the normal to the boundary at this point is 
directed along the 0.r n -axis. We take a small number r = r(x°) such 
that the portion of the boundary dQ f] (| x | < 4r) is a connected 
set which is uniquely projected along the 0a: n -axis onto a region D 
in the plane x n — 0; the equation of the surface dQ fj ( | x | < 4 r} 
has the form 

X n = x ' = (*i» • • x n- 1 ) €77, 

where the function if(a:') belongs to C k+2 {D) and satisfies \|)(0) = 0, 
i|}*j(0) = . . . = t|5 Xnl (0) = 0 as well as the inequalities 

i — 1, ..., n — 1, x'£D. (18) 


* For the sake of simplicity, we confine our discussion to the solutions of 
the first and second boundary-value problems. The investigation of smoothness 
of generalized solutions of the third boundary-value problem with certain 
conditions on the function a(x) (of (9)) can be carried out by the same method. 

** For the function u(x) which is a generalized solution of the third boundary- 
value problem for Eq. (7) with homogeneous boundary conditions the following 
result holds: if f 6 H h (Q), dQ £ C ft+2 and a(x) £ C h+1 (dQ) (a ^ 0) for some 
k ^ 0, then u(x) £ Hh +2 (Q) and satisfies the inequality (17). . 
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Then the region Q = Q f] (| x | < 3r), and thus also its subregion 
£2' = Q f| ( | x | < r) are projected along the Oz„-axis into D. 

Let T denote the common part of the boundaries of Q and £2, T = 
= dQ fl ( | x | <; 3r), and by r o the remaining partfofthe boundary 
£2. The set of functions in H 1 ( £2) whose traces on T are zero will be 

denoted by 

Suppose that the function t,(x) £ C°°(R n ), t,(x) = 1 when | x | < 
<C r » £(z) = 0 when | x \ >• 2r. Then for any function v 0 (x) in 

o 

H r(£2)(# x (£2)) the function v{x), which is equal to t,(x) v 0 (x) in Q 

and to zero at the remaining points of Q , belongs to H 1 (Q) (IP-(Q)). 
Substituting v(x) into (8), we obtain, as in the preceding subsection, 

j W Vu 0 dx = j Fv 0 dx+ J uV£ Vv 0 dx, (19) 

n n a 

where the function v 0 is an arbitrary function in Ht{&) in the case of 
the first boundary-value problem, while for the second boundary- 
value problem u 0 is an arbitrary function in H 1 (Q), and the func¬ 
tions F(x) and V(x) are determined by (14) and (15) with t,(x) just 
introduced. Evidently, U(x) £ H 1 (Q) and F(x) g L 2 (Q). 

The transformation 

Vi = Xi, i = 1, n 1, y n = x n {x ) (90) 

maps the regions Q and £2' onto certain regions oi and co' with the 
identity Jacobian. 




The images of surfaces T and r o are denoted by y and y 0 , respec¬ 
tively. The functions U(x), u(x), . . . defined in £2 are mapped by 
transformation (20) into functions U(y), u(y), . . . defined in co 
(the same notation is retained). Moreover, U(y) = u(y ) in co' 
and for some 8 > 0 the functions U(y) and F(y) vanish at points of 
the set co\co6, where co 6 is a subregion of co which consists of those 
points whose distance from y 0 is greater than 8. 
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Since for x £ Q(y £ ©) U x . — U Vl — U yn ty x . for i = 1, . . n — 
— 1 and U x — U y , we see that 

n U n 1 

n-1 n-1 

V x U'V x Vo = VyU'VyC>o— {Uy i V0y n +Uy n V0y i )^x i + U yn V0y n 2 t|£., 

therefore in the new variables identity (19) assumes the form 

n 

^ VyUS7 y v 0 dy=^ Fv 0 dy+^ 2 A ij U yi V o yj dy 
co (0 0) i, j= 1 

n 

+ j 2 Bi&yVVovidy, (21 0 ) 

to i, i=l 

n-1 

where A in = A ni = for t = l, . ..,ra—1, A nn = — 2 A u = 0 

1 = 1 

for remaining i and /; B i} = bij — A iU 6^ = 0 for i=^j, 6^ = 1, 
i = l, Evidently, A iS £ C h+1 (co), B ij £C h * i ( co) for all i and/'; 

furthermore, by (18), 

Mo(J/)I< 217' i, 7 = 1. 2, //£©. (22) 

Since the functions U(y) and F(y) vanish in ©\©a/ 2. equality 

o 

(21 0 ) holds not only for any v 0 (y) in Hy(w) or in #*(©) but also for 
any v 0 (y) in ^(©6/2) (arbitrarily extended outside ©5/2 as a func¬ 
tion belonging to L 2 (©)) or in H x (m/ 2 ) (arbitrarily extended outside 
©6/2 as a function belonging to L 2 (©)), respectively. 

o 

Consider any function v t (y) belonging to H\{a>) ( H *(©)) and 
extended outside © by assigning to it the value zero, and in (21 0 ) 
set v 0 = & l -hV! for a certain l < n and 0 < | h | < 6/2 (the function 

o .-’ 

v 0 (y) belongs, obviously, to H\{a 6/2) fl 7, 2 (©) and to /y 1 (©6/2) f| 
fl L 2 (©), respectively). The identity (21 0 ) then becomes 

j V y {8 l h U) V^ui dy = — j F6 l - hVi dy 

CD ft) 

n n 

+ j 2 &k A i}Uvi ) v iVj dy + j 2 b l h ( B ijt, y .u) v i Vi dy (23 0 ) 

(1) i, j—l 0 ) t, j=l 

(note that the integration here is taken not over whole © but only 
over its subregion ©6/2; accordingly, all the expressions under the 
integral sign in (23 0 ) are defined). 
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From Theorem 4, Sec. 3.4, Chap. Ill, it follows that 


I 


Fo-nVi dy 


<11 F ||l 2 (co) II v iVl ||l 2 «d)<|| F ||l 2 (cd) II I Vt7i | ||l 2 (g»- 


( 24 0 > 


In order to estimate the second integral in the right-hand side 
of (23 0 ), we break it into two terms 

n n 

J 2 5 h( A ij U Vi) v iVj dy = j 2 ( A u)h^hUy.vi Vj dy 

co i, j= 1 co i, j=1 

n 

+ [ 2 ti( A ij) u v i viy j dy. (25 0 ) 

to i, j=l 


Here we have used the identity 

6 * (fg)=gXf+rig, 

where g l h {y) = g{y x , . . ., y t _ lf y t + h, y t+1 , . . ., y n ), true for 
arbitrary functions / and g. 

Using (22), the first term is estimated as follows: 


n n- 

| J 2 v, dy |<i J ( 2 I ^ u vi I) 

CO 2=1 

n n 

X (2 (S ( 8 K) 2 ) 


o) i, j—1 


1/2 


3=1 


i—1 


x Vn ( 2 V *V]) 17 “ d 2/<-r III I l|i,(«) III V»i | ||l,(«). (26 0 ) 

3=1 

The second term in (25 0 )’is estimated together with the third integ¬ 
ral in the right-hand side of (23 0 ). Since the functions A t j and5^ 
are continuously differentiable in ©, 

n n 

|J 2 ( & h A ij)Uy.v lv .dy+ ^ 2 8 h(Bi&VjU)vi y] dy 

co i, j= 1 co i, j=l 

<^1 II u I|hi(Q) II | Vi>i I |1l 2 (cd)<C 1 || U ||hi(Q) II |Vi/i |||l 2 «d), (27 0 ) 

where the constant C x does not depend on u or 
Taking into account (24 0 )-(27 0 ), from (23 0 ) we have 

| J V(6j!u) Vvi dy |< (|| F|| ii{w) -fylll V6 ^|||l 2 (») 

CO 

+ II u ||hi(Q) ) || | Vi>i I ||l 2 «b)- (28 0 ) 
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Putting in this inequality v ± — b l h U and using the inequality 

|| F(y) ||l 2 («o) ==|| F(x) ||x, j (Q)<C 2 (|| / ||jl 2 <q) +1| u ||ffi(Q>)> (29 0 ) 

(the constant C 2 depends only on the function £, that is, only on the 
region Q) which follows from (15), and the inequality (10) or (11), 
where <p = 0 (then in (10) inf || ||h«<Q)— 0)> we obtain the esti¬ 

mate 

III V6| l C/|||L 2 (ft))<C'||/||L ! (Q) 1 1 = 1. 1, 

which in turn implies that (Theorem 4, Sec. 3.4, Chap. Ill) all the 
second-order generalized derivatives of U except Uy n y n belong to 
L 2 ( co) and the inequality || Uy. Vj ||l 2 (co) < C || / ||l 2 (Q) holds for 
them. This means that for the corresponding derivatives of the func¬ 
tion u(y) the inequalities 

I! u uivj IIl 2 (©')^ C II/II^(Q) 

hold. 

To estimate «y n y n in co', we may use Corollary to Lemma 2, accord¬ 
ing to which A x u = / a.e. in Q, and thus a.e. in Q'. In the new vari¬ 
ables this equation has the form 

n-l n-i n-i 

\u{y)~ 2 2 U y .yjf x . + Uy n y n 2 — 2 ^X iXi = f(y), 

2=1 2=1 2=1 

whence for all y 6 co' 

(l + S U y n Vn 
2=1 

n-l n-l n-l 

= f(y) + 2 UyiVnV*i- S U ViVi + “»» S (30) 

2=1 2=1 2=1 

Since £ C k * 2 (D) for 0, it follows that Uy n y n £ L 2 (co') and 

II U ^r,IL 2 «o')< COnSt H/|k(Q)- 

Thus it is established that for any point x° £ dQ we can find posi¬ 
tive numbers r = r(x°) and C = C(x°) such that u(x) 6 H 2 (Q fl 
f| (I x — x° | < r(x 0 ))) and 

II u l|H2(Qn(l*-*°l<’-(3cO)))< c (^ 0 ) || / ||l 2 (Q)- 

From the cover of the boundary dQ by the sets dQ f] (| x — a; 0 | <; 
< r (x 0 )) for all possible x° 6 dQ, we choose a finite subcover dQ fj 
f| (| x — x* | <; r (x*)), i — 1, 2, . . ., N. Then there is a number 

6 0 > 0 such that Q\Q b0 c= (J Q f) (| x — x*| < r (a: 1 )). 
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Therefore u(x) 6 H 2 (Q\Q 6o ) and || u ||h* ( qnq 6|) ) <C 1 \\f || MQ) , 

where C 1 is a positive constant. But by Theorem 3, u(x ) £ H 2 {Qsji ) 
and ||u ||hmq 6o/2 ) < C 2 || / ||l 2( q). Therefore u£H 2 {Q) and || u ||h. ( q)< 
C || / IIlj(Q), where the constant C > 0 does not depend on /. 
This proves Theorem 4 for k = 0. 

Now let k be any natural number. By the theorem on interior smooth¬ 
ness of generalized solutions (Theorem 3), it is enough to establish, 
as in the case when k = 0, that for any boundary point x° there are 
numbers r = r(x°) > 0 and C = C(x°) > 0 such that u(x) £ 
eH h+2 (Q fl (\x-x° | < r)) and 

ll U llH ft+2 (Qn(U-^°l<r))^ C II f lf« ft (Q) 

(the point x~ may be taken as the origin and the axis Ox n directed 
along the normal to dQ at this point). In view of smoothness of the 
transformation (20) (smoothness of the boundary), for this it suffices 
to show that u(y) g H h+2 (©') and 11^11^+2^ < C || / || H h (Q) . 

We have already established that u(y) £ H 2 ( co'), || u Hhrco') ^ 
^ C || / ||l 2 (Q)? and, furthermore, the relation (23 0 ) holds. Using 
the device adopted in the proof of Lemma 2 of the preceding subsec¬ 
tion, we shall show that for any m = 1, 2, . . k u(y) £ H m+2 ( co') 
II u || H m+ 2 ((0 , ) < C || / || H m {(?) and the equality 

J V (6 l h D a U) Vv m+l dy 

W 

n 

= — j D a Fb l -. h v m +idy- f- j 2 A u U vi) ( v m+i)yjdy 

© © i, j= 1 

n 

+ J 2 &h(D Fl B ti Z v .u)(v m+ i)y t dv (23 m ) 

CO i, j=1 

holds for all a = (a I? . . ., a„_ l5 0), | a | ^ m, l = 1, . . ., n — 1, 

0< | | C 6/2, v m+1 6 Hy(w) in the case of the first boundary- 

value problem and v m+1 £ H 1 ( to) in the case of the second bounda¬ 
ry-value problem. We shall prove this for m — 1. 

In (23 0 ) we pass on to the limit as h -> 0, and integrate by parts 
the first term of the right-hand side of the resulting equality. This 
yields 

n 

j VU yi V Vi dy= j F Ul v t dy+ j 2 )y l v ivj d y 

© w © i, j =1 

n 

+ j 2 ( Bijt yj u) yi v ly .dy , (21*) 

© it j=l 


C-tiL t cA 


ELLIPTIC EQUATIONS 


223 


o 

which is true for all u, in in the case of the first boundary- 

value problem and in // 1 (a») for the second boundary-value problem. 

The identity (21,) for U V[ differs from the identity (21 0 ) for U in 
merely that the functions F, AijUy., Btfcy.u have been replaced 
by Fy r ( A (Bijty .u)y ; , respectively, and the function 

v 0 by the function u, with the same properties. 

Setting in (21,) v t (y) = 8i. h v 2 (y), s <; n, 0 < | h | < 6/2, where 

v 2 (y ) is an arbitrary function in o) {H 1 ^)) extended as being 
equal to zero outside ©, we obtain the identity analogous to (23 0 ) 

j V (6 s h U y[ ) Vu 2 dy = — j F yi 8t h v 2 dy 

(0 (0 

n n 

+ j 2 ^ ( v ^)yj dy-\- j 2 ^h((Bij^yjU)y l )(v2)y i dy. 

co i, j=l (0 i, j= 1 

(23,) 

As in the previous case, we estimate the integrals in the right- 
hand side of (23,). Just as in (24 0 ), we have (since u £ H 2 (Q) and 
feH h (Q), k > 1, by (15) F £ H^Q), and because i|> 6 C h+2 (D) t 
F(y) e H'{ co)) 

| j ^ 6 -^^ 1 ^ 11 ^ 11^)111 V%|||l, ( .). ( 24 ,)' 

0) 

Analogously to (25 0 ), the second integral in the right-hand side of 
(23,) is divided into two parts: 

n 

j 2 ^h(,{ A ijU Vi ) Vl ){v 2 ) yi dy 

w i, j= i 

n 

= 1 2 ( A *i)h tiPy. Ul (v 2 ) yj dy 
co i, j=l 
n 

+ J 2 l^(Ai j )U y . yi + 6 s h (A iJy U y .)](v 2 ) yj dy. (25,) 

co i, i=l 

Using (22), we estimate the first term in (25,): 

n 

|j 2 ( A u)h 8 hU yiyi (v 2 )y.dy 
co i, j= 1 

<TlN v 6 ^illli.(«)lll Vw »llk(«)- (26 ‘) 
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Since the functions An and B t j belong to C h+1 (i o), k^> 1, the 
sum of the second integral in (25j) and the third integral in the right- 
hand side of (23 x ) is estimated in the following manner: 


n 

|J[ 2 8 i{A u )U vm + b s h {A ijyi U yi )]v 2yi dy 

0) i, j=i 


n 

+ [ 2 

0) i , j=i 


<const || w||h2 ( q) || | Vv 2 1 ||l 2 ( co). 


(27 i) 


In view of (24 1 )-(27 1 ), (23 x ) yields the inequality 

j j Vtf h U yi Vv 2 dy 
0) 

<(ll Fy l IIl, ( (o) + _ ^ III 'V8hUy l | ||l s (<o)+ const || h 2 ||h2 ( q) ) || I Vu 2 1 ||l,«o). 
1 = 1, —1, s = 1, 1. 


Setting in this inequality v 2 (y) — 8 s h U V[ (y), and using the estimate 
II F ||hi«o>^C (|| / IIhuq) +1| u ||h2(q>), 

which follows from (15), and the estimate (17) already established 
for k — 0, we obtain 

III I Hl 2 (<o) ^const II / 

s, l — 1, ...,n —1, 0<|/i|<S/2. 

This means that in ©' there exist generalized derivatives u ypVsVl , 
p = 1, 2, , . ., n, s, l = 1, . . ., n — 1 which belong to L 2 ((o') and 
satisfy the inequality || u VpVsVl || < const || / ||hi(q>. 

To estimate the remaining third order derivatives Uy v y n y n i 
p — 1, 2, we use the identity (30). Differentiating it with 

respect to y v for p < ra, we find that for all such p u ypynVn £ L z ( o>') 
and that llu^^ll^^CII/ll^^. Further, differentiating (30) 
with respect to y n , we find that u ynynVn e Z-a(ffi') and || u yriynVn Ij^,^ 

|| / ||h!(Q)- 

Thus we have shown that u(y)£H 3 (i o'), || u ||h3(co')^C || / ||hi<q) 
and the identity (23*) holds for all l, s = l, ...,n —1, 0<|ft|< 

o 

<5/2 and v 2 £Hy( co) (u 2 6 H l (<»))• Repeating this process m times, 
m^.k, we find that u£H m * 2 ( co'), || u llHm+ 2 ((0 - ) ^C'l|/|| H m (Q) and 

identity (23 m ) holds. | 

We shall now see in what sense the generalized solutions under 
^consideration satisfy the boundary conditions. For the case of the 
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first boundary-value problem, it immediately follows from the 

definition (u £ H 1 (Q)) that the solution has a trace on dQ that is 
equal to zero: iz|aQ = 0. 

We shall now demonstrate that in the case of the second boundary- 
value problem the solution satisfies the boundary condition in the 
following sense: Vu|eq-ra = 0, where n is outward normal vector 
to dQ, | n | = 1, and Vu|aQ is] a vector whose components u x . |ep, 
i =1, . . n, are the traces on dQ of functions u Xl belonging to 

HHQ). 

In fact, since u £ H*(Q), an application of Ostrogradskii’s for¬ 
mula to (8) yields the identity 


f (' Vu-ri)vdS= f (Au — f)vdx, 

dQ Q jj 

valid for any v £ H\Q) (here Vu-n — Vu| a(? -rc). Since Au = / 
a.e. in Q, we have 

j ( Vu-n ) vdS = 0, 

dQ 


implying the desired identity, because, by Theorem 2, Sec. 4.2, 
Chap. Ill, the set of traces y |qq of functions in H\Q) is everywhere 
dense in L 2 (dQ). 

du 1 
dn |3q‘ 

as an ele- 


In the sequel, the expression Vu|aQ-ra will be denoted by 

du 


Note that if u£ C l (Q) f] H\Q), then the function 


dn 


dQ 

du 


ment of L 2 (dQ) coincides with the normal derivative of u on 


du 


the boundary dQ. The notation 


8Q 


is natural also in the sense 


that there is a function in H l (Q) whose trace on dQ coincides 
with 

dn |dQ 

Thus, if dQ £ C 2 , the generalized solution of the second ** boundary- 
value problem satisfies the boundary condition 

du 


dn 


dQ 


= 0 . 


* It suffices to construct such a function in Q\Qs for some 8 > 0. Since 
dQ 6 C 2 , for any point x 6 with sufficiently small 6 > 0 there is a unique 

point y = y(x) 6 dQ, | y — x | <6, such that the vector y — i is directed 
along the normal n(y) to'the'boundary dQ at the point y. The function Vu(x) X 
X n(y(x)) belongs to H 1 (Q\Q( ) ) and its trace on dQ Vu(x) -n(y(x ))\ 8Q = 
du 


dn 


I dQ 


= Vu | dQ n{x) = 

** For the case of the third boundary-value problem the generalized so¬ 
lution satisfies the boundary condition ( + ffu ) | e ^ = 0. 


15-0594 
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From Theorems 4 and 3 and Theorems 2 and 3 of Sec. 6.2, Chap. Ill, 
the following result, in particular, follows. 

f-l+i l-l+i 

Theorem 5. Let f£H l 2 (0. If dQ£C l z , then the generalized 

solution of the first boundary-value problem for Eq. (7) with homogeneous 
boundary condition is a classical solution of this problem. When dQ £ 
[— 1+2 

6 C 2 , the generalized solution of the second boundary-value problem 

for Eq. (7) with homogeneous boundary condition is a classical solution 
of this problem. 

We now examine the question of smoothness of the generalized 
solutions in the whole region when the boundary conditions are 
nonhomogeneous. We confine our discussion to the first boundary- 
value problem. 

Suppose that u(x) is a generalized solution of the first boundary- 

o 

value problem, that is, it belongs to H\Q) and for all v £ J7 1 (0 
satisfies the integral identity ( 8 ) as well as the boundary condition 
u | aQ = cp. 

Assume that for a certain k >- 0 / f H h (Q), dQ 6 C h+2 , and that 
the boundary function 9 is the trace on dQ of some function <D in 
H h+2 (0 (in order that qp be the trace on dQ of a function in H h+2 (Q) 
it is sufficient, by Theorem 2, Sec. 4.2., Chap. Ill, that it belong to 
C k+2 (dQ)). Let us show that then u 6 H h+2 (Q). 

o 

Consider the function z = u — <E>. It is clear that z £ 7H(0 

o 

and satisfies for all v £ H 1 (Q) the integral identity 

j VzVv dx= — | VT*Vu dx — j fvdx 
Q Q Q 

or, by Ostrogradskii’s formula, equivalently the integral identity 

j VzVv dx = — j /ji; dx , 

Q Q 

where f x = / — AG>. Since the function f x 6 H h (Q), z £ H h+2 (Q) by 
Theorem 4. Hence the generalized solution u = z + <t> £ H h+2 (Q) r 
establishing the assertion. 

4. Smoothness of Generalized Eigenfunctions. Let u(x) be gener¬ 
alized eigenfunction of the first, second or third boundary-value 
problem for the Laplace operator and \ the corresponding eigen- 

o 

value. Then for any v 6 H X (Q) 

| WuVvdx— —X J uvdx, 

Q Q 
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which coincides with the identity ( 8 ) for / = Xu. Since Xu 6 HHQ) 
and hence Xu 6 L 2 (Q), Theorem 3 implies that u £ Hf 0C (Q) and 

Au — Xu (31) 

a.e. in Q. Thus the function Xu appearing on the right-hand side of 
(28) belongs to H\ 0C (Q) f| L 2 {Q). Therefore another application of 
Theorem 3 shows that u 6 H\ oc (Q), and so forth. 

Consequently, u £ H\ 0C {Q) for any k. Theorem 2, Sec. 6.2, 
Chap. Ill, u(x) 6 C°°{Q). 

Thus the following result is established. 

Theorem 6 . The generalized eigenfunctions of the first, second and 
third boundary-value problems for the Laplace operator are infinitely 
differentiable in Q and satisfy Eq. (31). 

The smoothness of generalized eigenfunctions in the whole region 
is determined by the smoothness of the boundary. 

Theorem 7. If dQ 6 C h for some k ^ 2, then any eigenfunction 
u(x) of the first or second boundary-value problem for the Laplace opera¬ 
tor belongs to H h (Q and satisfies thefcorresponding boundary condition 

(u |sq — 0 and = 0 for the first and second boundary-value prob¬ 

lems, respectively j. Then the generalized eigenfunctions of the first 
boundary-value problem when k^> [-^-J -f 1 and of the second bounda¬ 
ry-value problem when kf?> [-g-] + 2 are classical eigenfunctions *. 

Proof. Since 6Q £ C 2 and u 6 H l (Q) c: L^(Q ), u 6 H 2 (Q) by 
Theorem 4. If dQ £ C 3 , then, by Theorem 4, u £ H S (Q). When 
dQ 6 C*, the inclusion u 6 H 2 (Q) implies that u 6 H*(Q), and so 
forth. Thus we find that u 6 H n (Q), provided dQ £ C h . 

What is more, by Theorem 6 , the generalized eigenfunctions be¬ 
long to C°° (Q) and satisfy Eq. (31). 

If + then, by Theorem 3, Sec. 6.2, Chap. Ill, u£ 

eC h ” [ ^ ] " 1 (^) c= C(Q), while u 6 C'(Q) if * > [-£.] + 2. Conseq¬ 
uently, the results of Sec. 5.1, Chap. Ill, imply that the eigenfunc¬ 
tion u of the first boundary-value problem satisfies for 
-f 1 the boundary condition u|aQ —[0 in the classical sense, and 


* For the third boundary-value problem the following assertion holds: 
If dQ 6 C h and a(x) £ C h ~ 1 (dQ) for some k 2, then any eigenfunction u(x) 
of the third boundary-value problem for the Laplace operator belongs to II k (Q). 


Moreover, = 0> an< t If k J-)-2, then the generalized eigenfunc¬ 

tions of the third boundary-value problem are classical eigenfunctions. 


15 * 
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the eigenfunction u of the second boundary-value problem satisfies 
for J-f-2 the boundary condition ~ —0 the classical 

sense. | 

5. On Series Expansions in Eigenfunctions. Let u x , u 2 , ... denote 
the system of all the generalized eigenfunctions of the first (second) 
boundary-value problem for the Laplace operator, and X 2 , ... 
the corresponding system of eigenvalues. As shown above (Theorem 3, 
Sec. 1.3), the system u s , s — 1, 2, . . ., is an orthonormal basis for 
L 2 (Q). This means that any function / 6 L 2 (Q) can be represented 
by a convergent Fourier series in L 2 (Q) with respect to any of these 
systems: 


/= 2 fmU m , tm = (ffiu m ) L , { Q). [(32) 

m= 1 

Suppose that the function / £ 'H h (Q) for some k >• 1. Its Fourier 
series in eigenfunctions of the first and second boundary-value prob¬ 
lems, of course, converge to it in L 2 (0. However, in the norm of 
H h (Q) or even in the norms of H h (0, 0 < k' < /c, these series, gener¬ 
ally speaking, do not converge. For instance, the Fourier series of 
the function f 0 (x) — 1 in*(? with respect to the system of eigenfunc¬ 
tions of the first boundary-value problem cannot converge in the 
norm of H h (Q) for any k >• 1. Indeed, if this series converged in the 
norm of H 1 (Q), it would converge only to f 0 (x), but this is impossible, 

because the sum of any series of elements of H l (Q) which converges 
in H\Q) must belong to H 1 (Q). 

In order that the Fourier series of any function / in H h (Q) may 
converge to it in H a {Q), the function / must be subjected to some 
boundary conditions. 

Note that for the Fourier series (32) of a function / with respect to 
the system of eigenfunctions of the first boundary-value problem for 
the Laplace operator to converge in the norm of H l {Q) it is sufficient 
(Theorem 3, Sec. 1.3) and as shown just now, necessary that / g 

e h'(q). 

We denote by H\(Q), k'. 1, the subspace of H k (Q) consisting of 
dll the functions / for whi 

r ft-i j 

, / dQ — o, . . •, A 2 / |.5Q — 0. 

By H%{Q) we shall mean the space L 2 (Q). Note that by Theorem 2, 
Sec. 5.3, Chap. Ill, H l %(Q) = H l (Q). 
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By H^iQ), k'^-2, we designate the subspace of H h {Q) consisting 
of all the functions / for which 


df_ 

dn 



dn 



/ (oq = 0 . 


By H a jf (Q) we shall mean the space L 2 (Q) and by H ^ (Q) the 
space H 1 (Q). 

Lemma 3. Suppose that dQ £ C h for a certain k^ 1. Then there is 
a constant C > 0 such that any function f £ H h <% (Q) or f £ H h jy(Q) 
orthogonal to constant functions in L 2 (Q) with a scalar product satisfies 
the inequality 

n 

||/|| flft(Q )<C||A T /|U l(0 ), (33) 


if k is even, and the inequality 

h-\ 

II /IIjI^Q)^ 6 " li A 2 /IlHHQ) ( 33 ') 

if k is odd. 

Proof. We first consider the case of even k, k — 2 p. The lemma 
will be proved by induction on p. We shall establish (33) for p — 1. 
Suppose that / £ H% ( Q ) (H 2 jy (<?)). Let F denote the function A/. 
Then f(x) satisfies Poisson’s equation 

A f = F (34) 

a.e. in Q. Moreover, by the definition of H%(Q) (B^iQ)) u|sq = 0 

=o). 

Multiplying (34) by an arbitrary function v £ H X (Q) and applying 
Ostrogradskii’s formula, we find that u is a generalized solution of 
the first (second) boundary-value problernfor Eq. (34). Now inequali¬ 
ty (33) for k = 2 follows from Theorem 4. 

Assume that the inequality (33) has been established for k = 2p, 
and let / £ H 2 ^ + "{Q) (Bj^ 2 (Q)). Since in this case the function 
F = M belongs to H% (Q) (H 2 ^ (<?)). 


II F llfl*P W) ■II APp lk(Q) =• C. IIA|| Ll(Q) . 


But f(x) is a generalized solution of the first (second) boundary- 
value problem for Eq. (34), therefore Theorem 4 yields 

II / IIh 2 p + 2 (Q) ^ c 21| F ll H sp( Q) ^ C IIA p+i f ||l,(q, • 
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We now consider the case of odd k. For k — 1 the inequality (33') 
is trivial. Assuming that it has]been proved for k = 2p — 1, p ^ 1, 
we shall establish the same for k — 2p + 1. Let / 6 H 2 ^ +1 (Q) 
(H 2 ]?\Q)). Then F(x) = A/ 6 {H%\Q)). By Theorem 4 

and by induction, we obtain 

II / IIh 2 p +1 (<?) II F IIh 2 p - 1 (Q) II k p - l F || H 1 (Q) = C || A p f ||hi(Q). | 

We can now prove the following result. 

Theorem 8 . Assume that the boundary dQ 6 C h , k 1. In order 
that the function f may be expanded in a Fourier series (32), converging 
in the norm of H h (Q), with respect to the system of eigenfunctions of the 
first {second) boundary-value problem for the Laplace operator it is 
necessary and sufficient that f belong to H \j {Q) {H k jp (Q))- If f € 

oo 

e/4(0 (#y (Q)), [the series 2 /f | a, |* 'converges and there is 

S— 1 

a constant C > 0, independent of /, such that 

, oo 

^n\K\ h ^C\\f\\l h(Q) . (35) 

Proof. From the identity (31) and Theorem 7 it follows that if 
dQ 6 C h , then the generalized eigenfunctions of the first (second) 
boundary-value problem for the ^Laplace operator belong to (Q) 
( H h j - (Q)). Therefore if the Fourier series of the function / £ H h {Q) 
with respect to the eigenfunctions of the first (second) boundary-value 
problem converges in the norm of H k {Q), then / £ H%(Q) {H h jp{Q))- 
This proves the necessity part. 

We now suppose that / 6 (Q) (Hjr ((?))> and establish the in¬ 

equality (35). First assume that k is even, k — 2p, p 1. Let y s 
denote the Fourier coefficients of A p f : y s = (A p /, u s )l 2 (Q)* An 
application of Green’s formula yields 

V«==(A P /, u s )l s( q) = (A p-1 /> A« s )i ! (Q) = A. s (A m /, w s)l,(Q) 

= • • • = hf (/, u s ) LM) = k p s f s , s = 1,2 ,... . 

v°° 

Since A p f£L z {Q), it follows thatj 2 ?! = l| A p / ||l,(Q), hence 

5=1 

oo ]L 

2 fl | | ft = || A 2 / ||l t (Q) which, obviously, implies the inequal- 

S=1 

ity (35). When /c = 2p-j-l, the function A p f£H l {Q) ( H i {Q )). 
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Therefore, by Theorem 3, Sec. 1.3, the inequality 2 i | ^ 

S= 1 

|| A p /||hi(q) holds, thereby implying the inequality (35). 

By S m (x) we denote the partial sum of the series (32). Evidently, 
SZ'e H%{Q) (H h ^{Q)) for all m = 1, 2, . . .. 

In view of (33) and (35) (assume that m> 1), we have for 
k = 2p 

II Sm-Si II U 0) ^C II A p (S m -S t ) Wl M) 


= c|| 2 ^fs u s ||x,,(Q) 

5 = 1+1 


=c 2 >* p ff=c 2 As/^o 

5=1+1 s=i+l 


asm, i->- oo. This means that the series (32) converges to / in H h (Q). 

When k — 2p + 1, the proof is similarly carried out by applying 
the inequality (33'). | 

Theorem 9. If the boundary dQ of the region Q belongs to C h 

for a certain k~^ [~y] +1, then any function f£H h cg(Q) {H h j^{Q)) 

has a Fourier series expansion (32) with respect to eigenfunctions 
of the first ( second) boundary-value problem for the Laplace operator 

converging in the space C (Q). 

Proof. Theorem 3, Sec. 6.2, Chap. Ill, implies that the space 

x-m - 1 - 

C (Q) contains the function f(x) and all the eigenfunctions 

u s (x) as well as all the partial sums S m (x) of the series (32). 
Moreover, the inequality ||5 m —5 e || rni || S m — S t || H ft (Q) , 

c * J ~ (Q) 

where the constant C does not depend on m or i, holds. By Theo¬ 
rem 8 , || S m — Si || H ft ((3) -> 0 as m, i oo, therefore 
ll^m — ^ill rni +0 as m, i + oo, thereby implying that 

h-m - 1 _ _ 

the series (32) converges in C ((?)•■ 

6 . Generalizations. The method applied in Subsecs. 2 and 3 to 
investigate the smoothness of generalized solutions of boundary- 
value problems for Poisson’s equation is equally suitable for inves¬ 
tigating the smoothness of generalized solutions of boundary-value 
problems for more general equations. For instance, suppose that 
u(x) is a generalized solution of the first boundary-value problem 

Xu — div (k(x)S/u) — a(x) u — /, x £ Q, 

u |a Q = 0 (36) 

(KL 2 {Q), J k{x)dC'{Q), [a (x)£C(Q), k(x)^k 0 > 0). 
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If k(x) e C* +1 (Q), a(x) e \C P (Q) and J f(x) € L t {Q) fl Hfoc«?) 
for some p 0, then u(x) £ H P ^ C 2 (Q). In particular, every general¬ 
ized eigenfunction of the first boundary-value problem for the operator 
X belongs to ti\o 2 {Q). 

If, in addition, the boundary dQ 6 C p * 2 and / 6 H V {Q)> then 
u(x) 6 H P+2 (Q); in particular, every generalized eigenfunction of 
the first boundary-value problem for the operator X belongs to 
IP + \Q). 

Totally analogous results hold also for the generalized solutions 
of the second and third boundary-value problems for Eq. (36) and 
the corresponding eigenfunctions for the operator X. 

§ 3. CLASSICAL SOLUTIONS OF LAPLACE’S 
AND POISSON’S EQUATIONS 

1. Harmonic Functions. Potentials. A real-valued function u(x) is 
termed harmonic in a region Q (or in an open set) in the space R n if 
it is twice continuously differentiable in Q and satisfies the Laplace 
equation 

Au = 0 (1) 

at every point x £ Q. 

An equivalent definition of a harmonic function can easily be giv¬ 
en in terms of H h spaces (as usual, functions are considered equal if 
they coincide almost everywhere). 

A function u(x) belonging to H\ 0C (Q ), where Q is a region in R nt 
is called harmonic in Q if it satisfies the integral identity 

JvuVydx = 0 (2) 

Q 

for all v 6 //*(()) having compact support in Q (that is, equal to zero’ 
a.e. in Q \ Q' for a certain Q' <g Q). 

If u (x) 6 C 2 (Q) is harmonic in Q, then it obviously belongs to 
H\oc(Q)- Multiplying (1) by an arbitrary v g H X {Q) with compact 
support in Q and integrating the resulting identity over Q , we find, 
by means of Ostrogradskii’s formula, that u satisfies the integral 
identity (2). 

Suppose now that u £ H\ 0C (Q) and satisfies the integral identity (2) 
for all v belonging to H\Q) and having compact support in Q. 
Take an arbitrary strictly interior subregion Q' of Q. Since u 6 IPiQ'} 

and satisfies the identity! | YWVvdx=[Q for all v 6 /P(()'), u£ 
n Q' 

£ C°° ( Q ') by Lemma 2, Sec. 2.2, and Theorem 2, Sec. 6.2, Chap. III. 
What is more, u satisfies Eq. (1) in Q' (see Corollary to Lemma 2 of 
<he preceding section). Since Q' is arbitrary, the function u (x) belongs 
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to C"( Q) and satisfies Eq. (1) in Q , that is, is harmonic. 

If a function u harmonic in Q is twice continuously differentiable 
in Q, then, integrating (1) over and using Ostrogradskii’s formula, 
we obtain the identity 

0 = j A udx— ^ div (Vu) dx — J dS ’ (3) 

W2 [q aq 

which will be frequently used in the sequel. 

Let £ be any point in /?„, and let r = | x — £ |. Since A/ = 

Tl _ 1 

— /rr H—— It for a function / dependingfonly on r, the harmonic 
function u depending only on r satisfies the ordinary differential 
equation u TT + ~~ u r — 0. The general solution of this equation 

on the half-line r > 0 has the form + c x if n > 2 and c 0 lnr-f 

+ Cj if n — 2, where c 0 and c x are arbitrary constants. Therefore all 
the functions harmonic in the entire space except at the point x — £ 

and depending only on | x — £ | have the form •;—^rr, + c x if 

I ® 5 I 

n > 2, and c 0 In | x — £ | + c x if n = 2 (c 0 and c x are arbitrary 
constants). 

The function 


1 

— (n-2)o B |z-&r3-* n> 2 

1 ( 4 ) 
— In | x £|, n = 2, 

harmonic in i? n \{z = £}, where o n is the surface area of the unit 
sphere, is called the fundamental solution of the Laplace equation. 
This function plays a basic role in the study of solutions of the 
Laplace and Poisson equations. 

For any measurable function p 0 (|) bounded in Q the function 

«o(*)=J £/(*-£) p 0 (S)d£, (5) 

QJ 

which is defined for all x, is called the volume potential with densi¬ 
ty P.- 

For any function p x (£) and p 2 (|) integrable over dQ the functions 

Ui(x)= J £/(* — £) Pl (£)dS 6 , (6) 

9Q 

= \ dU f~- ] P z (l)dS l , (7> 

6q ' 1 


V{x-l)= | 


~PuJuc. C-tiL 



234 


PARTIAL DIFFERENTIAL EQUATIONS 


which are definedjfor all x £ R n \dQ, are, respectively, referred to as 
potentials of simple and double layers with densities p x and p 2 . 

We have already encountered the potentials (5), ( 6 ) and (7). In 
Sec. 6.1, Chap. Ill (Theorem 1), it was established that any function 
u(x) £ C 1 (Q) can be expressed as a sum of three terms: the volume 
potential with density A u. the potential of simple layer with density 

— and the potential of double layer with density u: 
u{x)=\U{x-l) A u © dl- j U (x-l) r ^-_dS t ] 

Q dQ 

+ \ dU X~ l) u@dSi. ( 8 ) 

aQ s 

If the function u £ C 2 (Q) and is harmonic in Q, then (8) yields 
u{x)= j (• dU f~ l) u(D- U(x-D) dS$ (9) 

BQ 

for any x £Q. 

Lemma 1. The potentials of single and double layers are harmonic 
in R n \dQ. 

Proof. Let x° be any point in R n \dQ, and let 6 > 0 be the distance 
from this point to dQ. The integrand functions in ( 6 ) and (7) regarded 
as functions of £, £ £ dQ, belong to L x {dQ) for all x lying in the ball 
{| x — x° | < 6 / 2 } and belong to C°°(| x — x° | ^ 6 / 2 ) for almost 
all | £ dQ if they are regarded as functions of x. Furthermore, for all 
| £ dQ and x in^the ball {| x — x° | < 6/2} the estimates |Z>“£7 (x — 

— |) | C, D a \ ^ C hold in which a = (a x , . . ., a„) is 

* ° n l ' 

arbitrary and the constant C > 0 depends only on 6 and a. Therefore 

\3 a x u(x-i) Pl (i)\^c\ Pi (i)\,\ 

D * dU f^~ P»(S)i| Pa© I•; 

Then, by Theorem 7, Sec. 1.7, Chap. II, the functions Uj(x) and 
u 2 (x) are infinitely differentiable in the ball (| x — x° | < 6 / 2 } and 

Z) a u t (z)= j Pl © DxU(x — |) dSi 
dQ 

and 

D a u z (x) — j p 2 (|) D« J U -^ dS, 

dQ 
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for any a. In particular, 

Are,= J Pi G)A x V(x-S)dS s = 0 

dQ 

and 

A M*)=( Pad) A X U (x — QdSt^O, 

dQ 5 

because A X U (x — g) = 0 when x^=\. 

Lemma 2 . If p 0 (g) g C x (Q), then the volume potential u 0 (x) 
belongs to C 2 (Q) fl C 1 (Q) and satisfies Poisson's equation A u 0 = p 0 
for all x £ Q. 

Proof. Since the function p 0 is measurable and bounded in Q, 
it follows (see Sec. 1.12, Chap. II) that u 0 6 C 1 (Q) and 

d H _ f 
dx t J 
<2 

If p 0 *(g) 6 JC 1 (Q), then, by Ostrogradskii’s formula, 

^=]U { X-I)^dl-\U { X-1) p 0 (g) n , (g) dS lt 

Q 1 dQ 

/\ 

where the function n t (g) = cos (re, g ; ) is continuous on dQ. 

The first term Jon the right-hand side of this identity is the volume 

potential with density which is continuous in Q, thereby imply¬ 
ing that 'this term belongs to C 1 (Q). The second term is the potential 
of the simple layer with density p 0 n t continuous on dQ, and, accord¬ 
ing^ to Lemma 1, belongs to C x (Q). Therefore u 0 £ C X (Q) f| 
D C 2 (Q). Take an arbitrary function £ C 2 (Q) with compact sup¬ 
port in Q. Since laQ = -fjjf | aQ = 0, by ( 8 ) 

*(*)= J ff(*-g)Ai|>(g)dg (10) 

[Q 

for all x £ Q. Applying Green’s formula to the functions iji and u 0 
and using successively Fubini’s theorem (Theorem 10, See. 1.11, 
Chap. II) and the identity (10), we obtain 




j \j)(x) Are 0 (x)dx 
Q 


= J A\|;(a:) u 0 (x)dx 
Q 

= j Ai|>(a:) ( J U(x — g) p„(g) dg ) dx 

Q Q 

J Po(E) ( j U(x — l) A\$(x)dx ) dg= j \Kg)p 0 (g)dg. 
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Thus for any function iji 6 C 2 (Q) with compact support in Q the 
identity 

J \J? ( x ) (A u 0 ( x) — p 0 (x)) dx = 0 
IQ 


holds, implying that Aw 0 = p 0 in Q. | 

2. Principal Properties of Harmonic Functions. We shall now 
establish some of the important properties of harmonic functions. 

Theorem 1. (First Mean Value Theorem). Let u ( x) be a harmonic 
function in Q and x any point of Q. Then for any r, 0 < r < d, where 
d is the distance of x from the boundary dQ, 

= J u(t)dS % . (11) 

l*-|i=r 


Proof. Since u(£) £ C 2 (| | — i | < r), formula (9) is applicable 
to this function in the region {| £ — i|<r}. By this formula 
for n > 2 (for n — 2, the argument is analogous), 


u(x) = J 


1 


Ml) 


J£-*|=r 


(n — 2) t a n r n-2 dn 


dS « 


- 5 


“(g) 


l 


IS-* 1 "-* 


ll-*l= 


(n 2) <J n 


dn* 


dSt 


du(l) 


(»- 2 ) a„r"-* 


/|-*l=r 


dn 


dSt 


J 


because on the sphere (||—#| = r} 
t „ 1 


16 -* I"-* 


IS-* I"-* 


(n — 2) 


dn* 


d\l~x\ 


I s —£ | n_1 


(n — 2) 
r n-l 


Formula (11) now follows from (3)|. 

Theorem 2 (Second Mean Value Theorem). Let u(x) be a harmonic 
function in Q and x any point of Q. Then for any r, 0 <C r < d, where 
d is the distance from x to the boundary dQ, 

“(*) = ^r J “(Kdg. (12) 

II—*l<r; 

Proof. According to Theorem 1, the identity 

o n p n " 1 u(x) = f u(l) dSt 

II-*I=p 
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holds for any p, 0 <C p < d. Integrating this with respect to p fromO 
to'r, we’obtain ( 12 ). | 

Theorems 1 and 2 are referred to as mean value theorems because 
the right-hand sides in ( 11 ) and ( 12 ) are the average values of the 
function u over the sphere {| 1 — x | = r) and over the ball 

(| | — x | < r}, respectively (a„r n_1 is the surface area of this sphere 

and q " r — the volume of the ball j. 

As shown’above, a function which is harmonic in Q is infinitely 
differentiable in Q. The following result often proves useful in the 
study of harmonic functions. 

Lemma 3. Let the function u(x) be harmonic in Q and be bounded: 
j u(x) | M. Then any derivative D a u (x) of order | a | = k, k — 
— 1 ,^ 2 , at the point x 6 Q satisfies the inequality 

|Z)“»(a:)|<M (-j-JV. (13) 

where 6 is the distance from the point x to the boundary dQ. 

Proof. This lemma will be proved by induction on k. 

Suppose first that k = 1. We shall demonstrate that | u Xi I ^ 
^ Mn/8 for all i — 1, . . ., n. Since the function u x is harmonic 
in Q , by Theorem 2, for any 8' < 8, 

5 u *i J u(t)cosa t dS v 

where a t is the angle between the vector g — x and the 0^ t axis. 
Therefore 

J r«(l)|d5,<M^ 7 r cr n 8" l -‘=M re /8'. 

11-4=8' 

The desired inequality follows from this by passing to the limit as 
8 ' 8 . 

Assume that the lemma has been proved for all derivatives D a u, 
where | a | ^ ft — 1, kf^> 2. Let us prove the inequality (13). 

Take two balls {| 1 — x | < 8'} and { | g — x | < 8'Ik} with 
centre at the point x (8' is any positive number less than 8). By the 
induction hypothesis the following inequality holds for any point g 
in the ball { | g — x | < 8 '/k} and any (5, | p | = k — 1: ! 

|Z?f W (g)|<M(-g r ^ 7 r ) h ' 1 (fc-l) fc -‘ = M^(-^) ft "V-‘. 

Thus for any p, \ p | = k — 1, the harmonic function Z)fu(g) is 
bounded in the ball {| g — x \<f 8’Ik} by a constant M ( 1 k k ~ l . 
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Then, by what has been just established, for the first derivatives of 
this function we have | 




That is, for any a , | a | = k, we have | D a u | ^ M (-fir) ft*. 

Letting 6 ' -v 5 in this inequality, we obtain the inequality (13). | 
Let us take up some of the applications of Lemma 3. 

Theorem 3. From any infinite set of harmonic functions in Q that are 
hounded in'Q by the same constant a sequence can be chosen which con¬ 
verges uniformly on any strictly interior subregion of t Q. 

Proof. Let be an infinite set of harmonic functions u ( x) in Q 
which are ; bounded in Q by the same constant: | u (a) | ^ M. Con¬ 
sider a sequence of regions Q x , @ 2 , . . ., such that Q t a Q 2 cz . . 

Qi Q, i = 1, 2, . . U Qi = Q- 

i=l __ 

The set -01 consists of functions belonging to C(Qf) and bounded 
on by the same constant. By Lemma 3, there is a constant C > 0, 
depending only on Q v such that for all functions u in 5JJI | S7u | ^ C 
for x g Q t . Therefore the set 50i is equicontinuous in Q t . According 
to Arzela’s theorem, it is possible to choose a sequence u n , u 12 , . . . 
from 501 which converges uniformly in Q 1 . Since this sequence is 
uniformly bounded and, by Lemma 3, is equicontinuous in Q 2 , 
a subsequence u 21 , u 22 , . . . can be selected from it which converges 
uniformly in and so forth. It is apparent that the diagonal se¬ 
quence u n , u 22 , ... is the desired sequence. H 

Theorem 4. Suppose that a sequence u x (x), u 2 (x), ... of harmonic 
functions in Q converges to u(x) uniformly in any strictly interior 
subregion of Q. Then the function u(x) is harmonic in Q and for any 
a — (ccj, . . ., a n ) the sequence D a u 1 , D a u 2 , . . . converges to D a u 
uniformly in any strictly interior subregion of Q. 

Proof. Let Q’ be any strictly interior subregion of Q. Then the 
function u (x) £ C ( Q’ ). Take any region Q" such that Q' <g Q" <g: Q. 
It is clear that each u m {x) is bounded in Q". According to Lemma 3, 
for any a there is a constant C > 0, depending only on Q ', Q" and 
| a |, such that 


II D ( u m u s ) || C{ q.)-^ C || u m || C (q») 


for all m, s — 1, 2, .... Since ||u m — u s ll C( ^,j -*■ 0 as m, s-*- oo, all 
the sequences D a u m , m — 1, 2, . . ., are fundamental in the norm of 
C{Q'). This means that the function u (x) £ C°°{Q') and for any 
all D a u m — D a u ->0asm-+ oo. 
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Passing to the limit as oo in the equation A u m = 0, x £ Q ', 
we find that Au = 0 in Q', that is, u(x) is harmonic in Q' and hence 
also in Q. | 

Theorem 5. A function which is harmonic in Q is analytic there. 

Proof. Let the function u(x) be harmonic in Q. Take any point 
x° in Q, and let 6 > 0 denote the distance between' this point and 
the boundary dQ and Sy 4 (x°) denote the ball (|a: — x° \ <; 6/4}. 
The function u(x) £ C((? 6 / 2 )t therefore it is bounded in Qyz; let 
M = max | u(x) |. 

*eQa/2 

Since the distance from any point of the ball Sy 4 ( 2 °) to the bound¬ 
ary dQi /2 is not less than 6/4, by Lemma 3 for any point x in 
S&/i(x°) and any a = (04, . . ., a„) the inequality 
|D“u|<M(4«/6) |a| |a] ,a| 


k h + i/2 l 

holds. Since lim-= . (Stirling’s formula), there is 

k\e ft V‘2n 

a constant C> 0 such that k k ^Ce h kl, and hence |cx| ,a| -<Ce |a| (|a|)I 
for all natural k. 

If in the identity (x^ 4 - ... + x n ) h = 2 ^ which is 

|a|=* 

true for any natural k, we set x t = ... =x„ = l, we obtain the 
identity n h = 2 (| a | )!/a! which implies the inequality (|a| )!/a! ^ 

la|=h 

<Tnl a l. Therefore for all x£S(,/i(x°) and all a 


|Z>“u|<CM(4n 2 e/6) ,a| a!. (14) 

From the inequality (14) it follows first of all that the Taylor 
series 


S t <*-*•>“ 

a 

of function u(x) converges absolutely in the ball S — j | x — x° | < 

< |, therefore the sum of this series is an analytic function in S. 

Let us show that this series converges to u(x) in the ball S' = 
= 11 x — x° | < |. For this it is enough to demonstrate that 

the remainder term in the Taylor’s formula 


N- 1 


r n ( x ) = u ( x )~ 2 2 (*-*°) g 


ft=0 |a|=ft 


= 2 Dau ( x °+Q(x-x°)) x n ) a 

|a|=IV 
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for function u, where |9 | <^1, approaches zero as N oo at 
every point of S'. Since for x 6 S' the point + (x — x°) also 
lies in S', and thus in the ball S^/i(x°), we find, in view of (14), 
that for all x £ S’ 


I^WK s cm( 

\a\=N 


4 re 2 e 


\N / 5 \N 

) \ 8 n*e ) 




CM 


(2 n) 


N 


1.N 


jCM 
2 n • 


Hence R n (x)-^0 as N->■ oo. 

Since the point x° £ Q is arbitrary, the function u(x) is analytic 

In Q. | 

In the two-dimensional! case,, apart from Theorem 5 establishing 
the analyticity of a harmonic function as a function of two variables 
x x , x 2 , a deeper result holds that connects harmonic functions with 
analytic functions of a single complex variable z — x x + ix 2 . For 
simplicity, we confine our discussion to a simply connected region. 

Theorem 6 . For the function u(x x , x 2 ) to be harmonic in a simply 
connected region Q it is necessary and sufficient that there exist an ana¬ 
lytic function /(z) in Q, z = x x + ix 2 , such that u(x 1 , x 2 ) = Re f(z). 

Sufficiency. Suppose that /(z) is analytic in Q. Then the functions 
u(x x , x 2 ) = Re f(x x + ix 2 ) and v(x x , x 2 ) — Im f(x x + ix 2 ) in Q 
are infinitely differentiable and they satisfy Cauchy-Riemann equa¬ 
tions: 


n Xl — v x ,, u Xt — v Xl . 


(15) 


Differentiating the first of equations (15) with respect to x x and the 
second with respect to x 2 and adding them, we see that A u = 0, that 
is u is a harmonic function. 

Necessity. Assume that the function u is harmonic in Q , and con¬ 
sider the function 

v {x) = j — u Xi dx x + u Xj[ dx 2 , 

L(x0,f x )' 

where = (x°, x° 2 ) is a fixed point of Q, x — (x x , x 2 ), and L(x°, x) 
is any rectifiable’curve joining the points x° and x and lying in Q 
(since Q is a simply connected region, Green’s formula yields that 
the function v does not depend on the contour L). The function 
v{x) £ C\Q) and satisfies conditions (15). Consequently, the function 
f = u -f- iv is an analytic function of x x 4- ix 2 in Q. | 

Remark 1. The analytic function f(z) corresponding to the harmo¬ 
nic function u(x x , x 2 ) is defined up to a pure arbitrary constant. 
Indeed, suppose that f x (z) = u + iv x and f 2 (z) == u + iv 2 are two 
analytic functions in”() for which Re f x = Re f 2 = u. Then the func¬ 
tion f x — f 2 — iv, where the (real) function v — v x — v 2 , is analytic 
in Q. In view of the Cauchy-Riemann equations, v x , = v x , = 0, that 
is, v 2 = v x + c, where c is any real constant. Accordingly, f 2 (z) — 
= /i(z) 4- ic. | 
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Remark 2. An assertion analogous to that of Theorem 6 holds also 
for any region Q. In this case the analytic function / of x x + ix 2 
in Q, constructed corresponding to the function u harmonic in Q, 
may be multiple-valued. For instance, to the function In | z \ harmo¬ 
nic in the annulus {1 <C | z | < 2 } there corresponds a multiple¬ 
valued function In z = In | z | + i arg (x x + ix 2 ) (z = x x - f ix 2 ) 
analytic in this annulus. 

Corollary. Suppose that the function z' = F(z) = F x (x lt x 2 ) + 
-\-iF 2 (x 1 , x 2 ), z = x j -j- ix 2 , analytic in a simply connected region Q maps 
Q one-to-one onto another simply connected region Q' of the complex 
plane z' — x\ + ix 2 . If the function u'(x') is harmonic in Q', then 
the function u(x) = u'(F x (x), F 2 (x)) is harmonic in Q. 

In fact, let the function f'{z') analytic in Q' be such that u'(x') = 
= Re f(z'). Since the function f(z ) = f'(F(z)) is analytic in Q, 
the function u(x) = u' (F^x), F 2 (x)) = Re f'(z') = Re/(z) is 

analytic in Q. 

The following important property of harmonic functions, a con¬ 
sequence of a mean value theorem, is referred to as the maximum 
principle. 

Theorem 7 (The maximum principle). Let a function u(x) harmonic 
in Q he continuous in Q. Then either u(x) — const in Q or 

min u(x) < u(x) < max u (x) (16) 

x£0Q x£dQ 

for all x £ Q. 

Proof. Put M = max u(x). Let us show that if the right-hand 

xEQ 

inequality in (16) is violated at a point in Q, then the function u(x) — 
= const = M in Q. Indeed, assume that there is such a point. Then 
in @|there is a point x° at which u = M. Taking any point y in Q, 
we shall demonstrate that u(y) = M. Join the points y and x° by 
a polygonal line L (without self-intersection) lying wholly in Q. 
By d > 0 denote the distance between L and dQ. We cover L by 

a finite number of balls Si — ||x — x x i = 0, 1, . . ., N, 

with centres at x x £ L f| S t _ x , i = 1, . . ., N. The point x° is the 
centre of the ball S 0 and the point y £ S N . 

By the second mean value theorem (Theorem 2), 

U( *° )= oJ/2)n J “(*)**’ 

|x-x0|<d/2 

that is, 

j ( u(x) — u(x 0 )) dx = 0. 

So 

Since the integrand function u(x) — u(x°) is nonpositive u(x) = 
= u(x°) = M in S 0 , and, in particular, u(x x ) = M. Repeating the 

16-0594 


~Pu*uc. TH.fvLlt.futt.fvLijc.fil. -plvy.A-Lc.A- 




242 


PARTIAL DIFFERENTIAL EQUATIONS 


same arguments for the point x 1 and the ball S u it can be shown that 
u(x) — M in S x , and, in particular, u(x 2 ) = M, and so on. Finally 
we find that u(x) — M in S N , and, in particular, u(y) — M. 

Thus it is established that either u(x) = const in Q or the right- 
hand inequality in (16) holds for all x in Q. Applying this result to 
— u(x), we obtain that either u(x) — const in Q or the left-hand 
inequality in (16) holds for all x in Q. | 

Corollary. It readily follows from Theorem 7 that a function u(x) 
harmonic in Q and continuous in Q satisfies the inequality 

II U UcCQj^lf U llc(SQ)’ (^) 

Theorem 8. Let the functions u h (x), k = 1,2,..., belong to C(Q) 
and be harmonic in Q. If the sequence u^laQ, k — 1, 2, . . ., converges 
uniformly on dQ, then the sequence u h ,k = 1, 2, . . ., converges uni¬ 
formly in Q to a function harmonic in Q. 

Proof. In fact, we have by formula (17) 

|| U s U m || C( Qj || u s u m |lc(SQ) 


for all s and m. Since the sequence u fe |aQ, k = 1, 2, . . ., converges 
uniformly on dQ, || u a — u m ||c( 5 Q) ->-0 as m, s->oo; hence ||w s — 
— u m ll C( Q) 0 as m, s—<- oo. The completeness of the space C(Q) 
implies that there is a continuous function u(x) to which the sequence 
u h (x), k = 1,2,..., converges uniformly in Q. That the function 
u (x) is harmonic in Q follows from Theorem 4. §J 
3. On Classical Solutions of the Dirichlet Problem for Poisson’s 
Equation. Let us recall that a function u (x) is called the classical 
solution of the Dirichlet problem (the first boundary-value problem) 
for Poisson’s equation 

Au = /, x 6 Q, (18) 

u| S q = cp, (19) 


if u(x) 6 C 2 (Q) H C (Q) and satisfies (18) and (19). 

First of all we shall establish uniqueness of the solution. 

Theorem 9. The Dirichlet problem for Poisson's equation cannot 
have more than one classical solution. 

Proof. Let u x {x) and u 2 (x) be two solutions of the problem (18), 
(19). Then the function u(x) = u x (x) — u 2 (x) is harmonic in Q, 
continuous in Q and vanishes on dQ. Therefore, by the inequality (17), 
u — 0 in Q, that is, u x = u 2 . | 

The existence of the classical solution of the problem (18), (19) 
was established in Subsec. 3 of the preceding section under the assump¬ 


tion that dQ 6 C 


m+i m+i 
2 , / 6 H 2 (Q), 


[-5.+1] 

(pec 2 (dQ). We have. 
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in fact, established there a stronger result: under the assumptions 
made regarding dQ, / and 9 the generalized solution u of the problem 

l 71 ]+3 [ 71 ] + ^ 

(18), (19) belongs to the space H \ 0 2 (Q) f| H 2 (Q). This, in 
view of the embedding theorem, implies that u(x) £ C Z (Q) fl C(Q), 
that is, is a classical solution. But the conditions of functions being 

m+3 i-2-i+i 

contained in the spaces H\ oc (0 and H (0 are more stronger 
than their being contained in the spaces C 2 (Q) and C(Q), respec¬ 
tively. Therefore it seems plausible that the classical solutions exist 
under milder conditions on dQ, f and <p. 

Theorem 10. If dQ £ C 2 , f £ C 1 (Q), cp 6 C (dQ), then the problem 

(18) , (19) has a classical solution. 

We start by proving Theorem 10 for the case of homogeneous equa¬ 
tion (18), that is, for the problem (1), (19). 

Lemma 4. If dQ 6 C 2 and cp 6 C (dQ), then the problem (1), (19) 
has a classical solution. 

[41+i 

Proof. Suppose first that dQ £ C “ . Since cp £ C (dQ), there 

[ 71 ] + l 

exists a sequence of functions. <p ft , k = 1, 2, . . ., in C 2 (dQ) 
converging uniformly on dQ to the function cp. (Indeed, the continu¬ 
ous extension of cp into Q can be approximated in C(Q) by functions 
belonging to C°°(Q) and their values on the boundary belong to 
1-2-]-+i 

C (dQ).) But for any cp ft there is a function u h (x) harmonic in Q 
which is a classical solution of the problem (1), (19) with this bound¬ 
ary function. By Theorem 8 , the sequence u h (x), k = 1, 2, . . 
converges uniformly in Q. Moreover, the limit function u (x) is 
harmonic in Q, continuous in Q and satisfies the boundary condition 

(19) , that is, is a classical solution of the problem (1), (19). 

Assume now that dQ £ C 2 . By <J> denote the continuous extension 

into Q of the boundary function 9 , and set M — max |d> (x) |. Take 

xeQ 

a sequence of regions Q t , i= 1,2,..., having the following prop- 

00 [-—-1 + 1 
erties: 0<g0 +1 for all i = 1, 2, . . .; U 0 = Q; dQ t £ C 2 + , 

i=i 

i — 1, 2, .... By what has been proved, for any i = 1, 2, . . . there 
exists in 0 a classical solution v t (x) of the problem ( 1 ), (19) satis¬ 
fying the boundary condition Uj| 8 Q. = ct)| 8Q .. Moreover, for all 
i = 1, 2, ... 


max | vt (x) |<; M. 
x£Q t 

16 * 
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Let u t (x ) denote a function defined in Q that is equal to v t (x) in 
Qi and vanishes outside Q t , i = 1, 2, .... By Theorem 3, the sequence 
of functions u 2 (x), u a (x), . . . harmonic in Q 2 contains a subsequence 
u n , u 12 , . . . which converges uniformly in Q x . The sequence u n , 
u 12 , ... is composed of functions harmonic in Q 3 (if the function 
u 2 {x), possibly contained in this, is rejected). Therefore, according 
to Theorem 3, from it a subsequence u 21 , u 22 , . . . can be chosen which 
converges uniformly in Q 2 , and so forth. 

Consider the diagonal sequence u n , u 22 , . . ., u pp , . . .. The corres¬ 
ponding subsequence of the sequence of regions Q m , m = 1,2,..., 
will be denoted by Q it , i = 1, 2 ...: the function u it equals v it in 
Qu and vanishes outside Q u . The sequence \u pp , p = 1, 2, . . ., 
converges, obviously, in Q and this convergence is uniform 
on any Qu- Consequently, by Theorem 4, the limit function 
u(x) is harmonic in Q. What is more, | u(x) | ^ M for all x £ Q. 

We shall show that u(x) is continuous in Q and satisfies the bound¬ 
ary condition (19), that is, u (x) is a classical solution of the prob¬ 
lem (1), (19). 

Take an arbitrary point x° £ dQ. Since dQ £ C 2 , there are a point 
x 1 $ Q and a number r > 0 such that the ball {| x — x 1 | < r} touch¬ 
ing the boundary dQ at x° does not contain points of Q and the 
sphere (| x — x 1 \ = r} has only one common point x° with dQ. 
Fix an e > 0. Since c3>(x) is continuous at x°, a number 8 = 8(e) > 

> 0 can be found such that | G)(x) — d>(a: 0 ) | <; e for all points of 
the ball (| x — x° | < 6} lying in Q. Since for x =/= x 1 the harmonic 
function 

. \ 1 1 
w \ x )— r n -2 \x — xl\ n ~ 2 

(for the sake of definiteness the case n > 2 is considered; when n — 2, 
w (x) — — In r + In | x — x 1 |) is nonnegative for all x g Q and 
vanishes at only one point x° in Q, we can find a C = C (6) > 0 such 
that, the inequalities 

<P(;r 0 ) — e — Cw(x ) < <D(a:) < T>(a: 0 ) + e + Cw{x) 
hold for all x 6 Q. 

The functions u pp (x)+Cw(x) and u pp (x) — Cw{x) are harmonic 
in Q pp , continuous in Q pp and (u pp + Cw) l dQpp = (T> + Cw) |sq pj:) > 

> 0(a:°) — e and ( u pp — Cw) |aQ pp = (® — Cw) | 0 q pp < ® (x°) + e. 
Therefore, according to the maximum principle, u pp (x) -+-Cw(x)> 
>®(a: 0 ) — e and u pp (x) — Cw(x) < ®(x°) -f e in Q pp , that is, 

®(a;°) — e — Cw(x) u pp (x) ®(^ 0 ) + e + Cw(x) 
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for all x^Q pp . Accordingly, for any x£Q 

O(x 0 ) — e — C w(x) u(x) < (D(x°) -f e + Cw(x). 

Since w(x) 0 as x -> x°, these inequalities, in turn, imply that 

(J)(a: 0 ) — e<; iifxXlim u(a:X% 0 )4-e, 

OC-^xO DC->xO 

whence it follows, as e > 0 is arbitrary, that u(x) is continuous at 
the point x° and u(x°) = O(x 0 ) = <p(x°). | 

Proof of Theorem 10. Consider the function u 0 (x) — j U(x — 

Q 

— y) f(y) dy, which is a volume potential with density /. Applying 
Lemma 2, we find that u 0 (x) 6 C 2 (Q) f| C X {Q) and is a solution of 
Eq. (18) in Q. According to Lemma 4, there exists a classical solution 
v(x) of the problem Av — 0 in Q, u|ao = 9 — u 0 |aQ. Then the 
function u — u 0 + v is a classical solution of the problem (18), (19). | 
By means of Theorem 10, we can establish the following important 
property of harmonic functions. 

Theorem 11 (On removal of singularity). Let the function u(x) he 
harmonic in the region Q\{x 0 }, where x° is a point of Q. If u(x) = 
= o (U (x — x 0 )), as x ->■ x°, where U is the fundamental solution of 
the Laplace equation , then lim u (x) — A exists and the function u(x) 

X-*-X° 

redefined at x° by A is harmonic in Q. 

Proof. Consider the ball S R (x°) = {| x — x° | <C R} lying strictly 
inside Q. Let the function v(x), satisfying the boundary condition 
v |as fl (x°) = u|as R (x 0 )' the classical solution of the Dirichlet prob¬ 
lem for the Laplace equation in the ball S R (x°). The function 
u(x) — v(x) — w(x) is harmonic in S R (x°)\ {z 0 } and w |as H (x°) = 
= 0. To establish the theorem, it suffices to show that at every point 
of the set £ R (;r 0 )\{a; 0 } the function w — 0 : in this case the function 
u(x) coincides with v(x) for all x £ S R (x°)\ {a: 0 }, and, consequently, 
the function u (x) redefined at the point x° by A = v(x°) coincides 
with the harmonic function v(x) throughout the ball S R (x°). 

With arbitrary e > 0, consider the two functions 

Z ±( X )= |- x _>|n-2- ±M*) 

| to be definite, let the dimension of the space be rc> 2 ; when 

n — 2, z+(x) = e In | I _ a . 0 | ± tx(x)f. The functions z ± (x) are 
harmonic in 5 fi (x°)\{x 0 } and z ± (x) |ss R (a: 0 ) = e/i ? n ~ 2 > 0. Since, by 
hypothesis, u(x) = o ( ^ ) as r^-a: 0 , we have z ± (x) |j*-*o|= P = 
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= pST ±^ll*-* 0 |=p = -^r+o (-^r)- Therefore z ± (as)||*-*oi=p > 0 
for sufficiently small p>0. According to the maximum principle, 
z ± (x);>0 for all x in the spherical annulus p <;|x — x°\^R. Let 
x 1 be any point in S R (x 9 )\{x°). This point belongs to the spherical 
annulus p<C| x — x° for sufficiently small p. Consequently, 

z ± (x 1 ) > 0 , that is, | w (a; 1 ) | <---— , implying w (x 1 ) = 0 

| a x° J n 2 

since e >0 is arbitrary. | 

In Theorem 10 the existence of a classical solution of the Dirichlet 
problem (18), (19) has been established for any / £ C X {Q), q> 6 
£ C ( dQ ), dQ £ C 2 . It can be asked whether for the solvability of this 
problem it is enough to require merely that / 6 C(Q). The condition 
that / 6 C x (<?) is really more than what is required: it can be shown 
that for the solvability of the problem it is enough to assume that 
the function / satisfies in Q the Holder condition with some positive 
exponent *. But, as demonstrated by the following example, this 
condition cannot be replaced by the condition that / £ C(Q). 

In the ball @ = {|x|<i?}of radius R < 1 consider Poisson’s 
equation 

Au -T\^T\ (_in|*|)‘/2 + 2(-ln|z|) 3 / 2 )' ( 20 ) 

where the function on the right-hand side (set zero at the origin) is 
continuous in Q. The function 

u{x) = (x\ — x\){ — ln|x |) 1/2 ( 21 ) 


belongs to C(Q) fl C°°(Q\{ 0}) (the point {0} is the origin) and, as 
is easily verified, satisfies in @\{0} the equation (20) as well as 
the boundary condition 

u\\x\=*r = V~ lni?(x* — x^)|| X | =R . (22) 


Nevertheless, the function u(x) 
the problem (20), (22): since 

lim u XiXi = lim (2 (— In I x | ) 1/2 -f 
|*|-0 l*l-o ' 

2xl if—*| 

~ |xf 2 (-ln|;r|) 1/2 ~ 21 1 [ a (— In1 1 


cannot be a classical solution of 

x\ (if— x\) 

|x| 4 (—ln|x|) 1/2 

_ *?(*? — *!) \ _ 

|)!/2 41 x | 4 ( — In | x j ) 3/2 / 


it follows that u(x) $ C 2 (Q). 


* A function f(x) is said to satisfy in Q the Holder condition with some expo¬ 
nent a > 0 if there is a constant M such that | f(x') — f(x") | ■< M | x'—x" |° 
for any points x ', x" of Q. 


~PiOuc. C-tiL 



ELLIPTIC EQUATIONS 


247 


Let us show that the problem (20), (22) has no classical solution 
at all. 

Assume, on the contrary, that the classical solution v(x) of this 
problem exists. Then the funcion w(x) — u(x ) — v(x) is harmonic 
and bounded in @\{0}. According to the theorem on removal of 
singularity, the function w(x) may be redefined at the origin so that 
it will become harmonic in Q and therefore belong to C 2 (Q). There¬ 
fore, in particular, the (finite) limit lim w XiXl exists. The existence of 

1*1-0 

finite limit lim v XiXi follows from the fact that v(x) belongs to 

I * |-0 

C 2 ( Q ). Accordingly, the finite limit lim u XlXi = lim w XlXl + 

I * l—o 1*1—0 

-f lim v XiXi must exist. This contradiction establishes the assertion. 
1*1-0 

We have more than once used the formula (8) expressing an arbi¬ 
trary function u(x) in C 2 (Q) in terms of the values in Q of its Laplace 

operator and the values u and — on the boundary dQ. In the sequel 
we shall require another formula of the same sort. 

First of all note that for an arbitrary function u{x) g C 2 (Q) and 
any point y$ Q the following formula holds: 

0 = [ U(y-t)Au(t)dt 
Q 

+ (23) 

dQ 

where U{y — £) is the fundamental solution of the Laplace equation. 

To prove this identity, it is enough to apply Green’s formula to 
the functions u( 1) and U(y — |) in Q : 

J MS) 4,1% — a - U(y - a 4u(I)l dt 

= \ [ t'to-ll-T®-] <K. 

dQ 

and use the fact that the function U(y — |) regarded as a function 
of | is harmonic in Q. 

Now take any points x 6 Q, y $Q, and consider a function d(y) 
continuous outside Q. Multiplying (23) by d(y) and subtracting the 
resulting identity from (8), we find that for any function u£C 2 (Q) 
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the representation 

u(x) = f [U(x-l)-d(y)U(y-l)]Au(l)dl 
'q 

+ J [■^ L {d{y)U{y-l)-U{x-l)) 

dQ 

+ u (l) (U(x - g) - <%)tf (y -1)) ] dSj (24) 

holds for all x 6 @, y $ () and any function d(y) which is continuous 
outside Q. 

It may be shown that under fairly wide assumptions regarding 
region Q there exists a transformation y = y(x) which associates 
with every point x 6 Q a point y (J Q and there is a function 
d(y(x)) such that 

d(y(x)) U(y(x) - i) - U(x - i) =* 0, 16 dQ (25) 


for all x 6 Q- Formula (24) gives then representation in Q of an arbi¬ 
trary function u(x ) 6 C 2 (Q) in terms of its value on the boundary 
and the value of the Laplace operator of this function in Q. We shall 
confine our discussion to the case when Q is a ball; in this case it is 
possible to find explicit expressions for the functions y{x) and 
d(y(x)). 

Thus, suppose that Q = {| g | < R}, and, to be definite, let the 
dimension of the space be n > 2. Then the condition (25) assumes 
the form 


1 _ d(y(x)) _ n 

I*-! I "- 2 I ;/(*)-£ | n ~ 2 — ’ 




or, if b denotes d l /< n_2 >, the form 


l b(y{*)) 

\x — 51 I !/(*) —61 ’ 


IEH*. 


(26) 


The mapping y — y(x) will be sought in the form 

y = a(x) x, (27) 


where the function a(x) is to be determined. The identity (26) will 
hold if the functions a(x) and b(y(x)) are connected by the relation 

| y(x) — g | 2 = b 2 (y(x)) | x - | | 2 , III = R, 

or by 

(a 2 (x) — b 2 (y(x))) | x \ 2 + (1 — b 2 (y(x))) R 2 

= 2(x, Q(a(x) — b 2 (y(x))), |g| = #- 

Set b(y(x)) = , a(x) — b 2 (y(x)) = y^y. Then the identity (26) 
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holds and for any x £ Q the point 

y = y(x) = a(x) x ■■ 


R* 


(28) 


is situated outside Q because | y | = /? 2 /| x | > R for | x | <; R. 

t t, 

For the sphere {|g| = i?} the normal is given by = 
therefore 


dn f 


( \x — i|"- 2 ) — ( Vs |x—K|»-* ’ R 0“ | x — | | n U d 


(n-2)(x-6, 6) _ (»~2)((x, 


-R |*-&| n 




(29) 


Analogously 
we have for 11| = R 


(1/| y {x) — 1|" 2 ) is computed. Therefore, by (26), 


5 1 

1 1 

b n ~\y (x)) 

dn % 

( |x_g|n- 2 

|j/(x)-i|™- 2 


(n- 2) 

[(*, i)-i? 2 


R\x-l\ n 


Thus, if u(x) £ C 2 (| a: | ^ R), for any point x, | x | < R, we 
have the equality 


u(x)= j P R (x, D u{l)dSz— j G r (x, l) Au(|)d|, 


where 


and 


I6I=k I5I<« 


D , i ? 2 — |x | 2 

Pfl ( ;C ’ a n 7?|x-i|» ’ 


G (x L ( _1_ Wl*l) n ~ 2 \ 

^ a n \|x-g |«- 2 |(f?/|x|) 2 x-£p- 2 / • 


(30) 

(31) 

(32) 


Exactly in the same manner the representation (30) is established 
in the two-dimensional case, n = 2. The function P R (x, |) has the 
form (31) and 

i? 2 I 


G fi(*> ^)=-2F ln 




(32') 


The function jP b (x, |) defined for | g | = jR, | x | ^ R, by formu¬ 
la (31) is called the Poisson kernel for the first boundary-value problem 
(the Dirichlet problem) for the Laplace operator in the ball {| x | < 
<R}. 

The function G R (x , £) defined for | £ | ^ R, | x | ^ R, by formula 
(32) when n > 2 or by (32') when n — 2 is known as Green's function 
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of the first boundary-value problem (the Dirichlet problem) for the 
Laplace operator in the ball {| x | < if). 

Lemma 5. The function G R (x, |) defined in the region { x =/= £, 
x =/= \R 2 /\ | | 2 } of the space R 2n by formula (32) when n> 2 or by 
(32') when n = 2 is continuous there and has the following properties : 

(a) G r (x, 9 = 0 for | x | = R, 

(b) G R (x, l) = G r (1, x), 

(c) G r (x, i) is a harmonic function of x and of 1, 

(d) for |x | < R, | l | < R 0 < G R (x, |) < l/(o n | x- \ | n " 2 ) for 

1 9P 

n>2 and 0 G R (x, |) gC- 2 ~In ^ ^ /or n — 2. 

Proof. Property (a) of the function G R (x, g) follows at once from 
(32) (or from (32') if n = 2). 

For any points x and | the identity | — x | | | 2 | 2 | x | 2 = 

— | R 2 x — £ | x | 2 | 2 | | | 2 holds, whence it readily follows that the 
condition £ — xR 2 /\ x | 2 is equivalent to the condition x = £i? 2 /| | | 2 ; 
therefore if the point (x, |) (in i? 2n ) belongs to the domain of defini¬ 
tion of the function G R (x, £), then so does the point (£, x). Further- 


more, the same identity implies the identity ^ ^ x — 

= mijggg/ig)a— T \' hence also the identit y g r( x > i) = g h(I, x). 


This proves Property (b). 

It follows from (32) (from (32') if n — 2) that the function G R (x, |) 
is a harmonic function of Since the function G R (x, |) is symmetric 
(Property (b)), it is also a harmonic function of x. This proves Proper¬ 
ty (c). 

The right-hand inequality in Property (d) for n > 2 follows from 
(32). To prove this for n = 2, note that for | x | ^ R, | £ | ^ R 
I X I I l - i? 2 x/| X I 2 1=111x1- i? 2 x/| X II < mi * | + R 2 < 

<2 R\ Therefore for | x | < R, |£| < R 0 < In , f£ - , 
and hence 


n , 1 , 2 R 1 . 2i? 2 / 1 i 

G r {x, l)~ 2jc In 2ji In |a;( I g—ac I* I ^2rt ln |*-£| ‘ 


We shall now establish the left-hand inequalities in (d). 
First take x = 0. By virtue of Property (b), G R (0, £) = G R (£, 0)» 

therefore G H (0, £) = -^ (y|^= 2 ~if n>2 and G R (0, £) = 

= - 4 - In ^ 0 if n — 2. 

2jt 15 | 

Now take any point x°, 0 < | x° | <C R, and the ball {| £ — x° | < 
< e} of radius e, 0 < e <; R — | x° |, lying in the ball {j £ | < i?}. 
According to Properties (a) and (b), G R (x°, £) == 0 when | £ | = R. 
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With a sufficiently small e, we have on the sphere {| g — x° | = e} 
r ,o n - _J_ (fl/l*° D n ~ 2 

> SI — ^gn-2 a n |iO fl 2 /| 3-0(2 _g|n-* 

^ OA (e^ - (it — |x® |)«~ 2 ) >0 lf n>2 

and 


€ h (®», g) = 


2ji 


In — + y- In 

e 2 ji 


R 




4(ln-f + ln(fl-|*»|))>0 if n — 2. 


Therefore, by the maximum principle, the function G R (x°, g) harmon¬ 
ic in g is positive in (| g | <; i?}\{| g — x° | ^ e}. From this 
inequality the left-hand inequality in (d) follows, since e > 0 is 
arbitrarily small. | 

The integral representation (30) has been obtained under the 
assumption that u (x) £ C 2 (| x | ^ R). Lemma 5 enables us to 
obtain the same representation with conditions of u relaxed. 

Lemma 6. Let the function u(x) £ C( \ x | ^ R) fl C 2 (| x | < R), 
and let the function A u(x) he bounded in the hall {| x | < R). Then 
representation (30) holds for any point x, [ a: | <T jR. 

Proof. Let x° be any point of the ball {j x | < R) and p 0 , p be 
numbers such that | a: 0 | «< p 0 ^ p < R. Since u(x) £ C 2 ( | x | ^ p), 
in view of (30) for all x, \ x | <C p, and, in particular, for x = a; 0 , 
we have 


u(x Q ) = j P p (x\ g) u(g) dSf.— j G p (x°, g) An© dg. (33) 
I61==P il|<p 

In (33), in the integral over the sphere {| g | = p} we change the 
variables by putting g = p: 

j P p (x\ g)u(g)dS £ = (-I)"' 1 \ P p (x\ J£-) u(^)dS n . 

I5I=P |T)|=B 

Since the function (p/i?) n_1 P p (x°, rjp/R) u (rjp IR) is continuous in 
the variables rj 1 , . . ., rj n , p on the set {| iq | = R, p„ 
and (p/IZ) n 1 / > p(a; 0 , rjp /R) u(r\p/R) P R ( x° , r]) u (r]) as p R, 

we obtain 


lim P p (x\ g) w(g)riS E = 
p -* R ISI=e 


P R (x\ l)u(l)dS v 


(34) 


_ Next consider the second term on the right-hand side of (33). Let 
G p {x°, g) denote the function equal to G p (a; 0 , g) for | g | < p and 
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to zero for | | | >- p. Then 

\ G p (x°, l) Au (l) dl = j G p (x\ l) A u (£) d£. 
m<p i5i<b 


Clearly, G p (x°, £) -v G R (x 0 , £) as p -> R for all | ¥=jx°, i E | < R. 
Further, by Property (d) of Lemma 5, the function G p (x°, |) Au(£) 
has a majorant independent of p and integrable in the ball {| | | < 
<R}: 

|G P (A 1) A if n>2 

and 

| G p (x°, l)Au(£)|< ■— In |- - 0 2 ^|-j if n = 2, 
where M — sup | A u (x) j. Therefore, according to the Lebesgue 

I x |$H 

theorem, 


lim 

p-b 



G p (x°, 


l)Au(l)dl= f G R (x°,l)Au(l)dt 
i5i<B 


(35) 


Letting p R in (33) and noting (34) and (35), we obtain the 
representation (30) for any point of the ball {| x | •< /?}. 

It follows from Lemma 6 that the classical solution (if it exists) of 
the Dirichlet problem 

A u = f, lx lei?, 

, 1 (36) 

u 1(1* HR) = 9. 

where the function tp is continuous on the sphere {| x | = R } and the 
function / is bounded and continuous in the ball {| x | < i?}, can be 
expessed in the form 

u(x)= j P R (x, i)q>(5)d5 B - { G r (x, g) f(t) dg. (37) 

I4I=R Ui<B 


Note that these conditions (as illustrated by the above example) do 
not guarantee the existence of a classical solution. 

According to Theorem 10, in order that a classical solution of the 
problem (36) may exist it is enough to require that f(x) £ G 1 (| x | ^ 
^ R). Thus Theorem 10 in conjunction with Lemma 6 yields the 
following result. 

Theorem 12. If f(x) £ G 1 (| x | ^ R) and q>(x) £ C(| x | = R) 
then a classical solution of the Dirichlet problem (36) exists and can be 
represented in the form (37). 

Remark. Let Q be a simply connected region in the (z lt x 2 )-plane, 
and let z' — F (z), z = x x -f- ix 2 , z' = x\ + ix 2 be a function analytic 
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in Q and continuously differentiable (with respect to x lt x 2 ) in @that 
performs a one-to-one mapping of Q onto the disc {| z' \ < R } of 
radius R(R = \ F(z) Ueac?)- 

By u (z) = u(x t , x 2 ) we denote a classical solution of the Dirichlet 
problem 

Au = 0, z £Q, 

(38) 

u IzeaQ = (p(z), 

where <p (z) £ C{dQ), and by u' (z') = u'{x[, x 2 ) a classical solution 
of the Dirichlet problem 

Au' = 0, | z' | < R, 

|{|*'|=H> = *!>(*'). 


■where ^(z') = y(F (z')) (F_ x (F(z)) = z, z 6 Q)- 
By Theorem 12 


u'(z') 


1 

2 nR 


\ 


ii 2 -|z'| 2 

h'-e'i 2 


♦ (HK'I. 


From the uniqueness theorem regarding the classical solution of 
the Dirichlet problem (Theorem 9) and Corollary to Theorem 6 it fol¬ 
lows that u(z) — u(F_ 1 (z')) = u'(z'). Hence the solution of the 
problem (38) has the form 


«(*) = 


2 nR 


R 2 — I F(z) i 2 


dQ 


F(z)-F(Q I 2 


■moi<p(£)idei 


dQ 


I F(g) | 2 — | F(z) | 2 |F'(£)1 


| F (£)- F ( Z )| 2 


I F(0 I 


<P(0I«|. 


4. Harmonic Functions in Unbounded Regions. Let Q be an un¬ 
bounded region of the space R n , and let its complement R n \Q contain 
at least one interior point; we take this point as the origin. 

Consider a one-to-one mapping 


(39) 


of the region Z? n \{0} onto itself. This mapping is known as the 
inversion mapping (with respect to the sphere (| x \ — 1}); we have 
already used this in the preceding subsection. Under the mapping 
(39) the sphere {| x | = 1} is transformed into itself, the region 
{0 < | x | < 1} into the region {| x | > 1} and vice-versa. It is 
clear that the inverse of mapping (39) has the form 


x 


\x' | 2 


that is, is also an inversion mapping. 
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As a result of the inversion mapping, the rigion Q is transformed 
into a bounded region Q'. Note that the origin becomes a boundary 
point of Q'. When.the boundary dQ is unbounded, the origin is a bound¬ 
ary point of the set Q' also. If, however, dQ is bounded, that is, if 
Q is exterior to some bounded set, then the origin is an isolated 
boundary point of Q ', and therefore is an interior point of the set Q'. 

Let a function u ( x) be defined in the region Q. The function 
u'(x') defined in Q' by the relation 


u'(x’) 



(40) 


is known as the Kelvin transform, of the function u. 
It follows from (39) and (40) that 

u ( x ) = | x |n-a u (jTp) ’ 


that is, the transformation inverse to (40) is also a Kelvin transfor¬ 
mation. 

Lemma 7 . If a function u(x) is harmonic in the region Q, then the 
function u'(x') is harmonic in the region Q'. 

Proof. Let Q\ be any strictly interior subregion of Q', and let Q 1 
be its original under the inversion mapping. Then Q x is a strictly 
interior bounded subregion of Q. Since the function u is harmonic in 
Q x and belongs to C 2 (Q X ), by formula (9) for all x £ Q x 


J + 3» t (iz-ll"- 2 )] dSl ' 


dQ . 

1 


-|| n ' 2 

, ..... i du (|) 

where u (|) = ~-. 

rvs/ (n — 2) a n dn |8Q, 

uous functions on dQ x (to he 

2; when n — 2, arguments 

by (40), 


v(l) = 

definite, 
are 




(n—2) a n Lq, 

we are taking the case 
exactly the same). Therefore, 


are contin- 


“1 

tm 

u*' i n_a 

x' n—2 

t 

\ x ' l 2 6 





x' _ n—2 

l x'|«- 2 

\x' | 2 g 


dS | (42) 


for all x' £ Q’t- 

From Property (c) in Lemma 5 of the preceding subsection it 


12-n 


follows that the function | x’ j 2 ' n | j~ p ~ ^ — I j , and hence the func¬ 
tion — (\x’\ z ~ n —1| 2 ”) are harmonic functions of x’ for 
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X ; 2 =4= g. Thus the integrand function in (42) and any of its 

derivatives with respect to x' are jointly continuous in g, x' and 
are harmonic functions of x' for g £ dQ x and x' £ Q' (the condition 

\-TTi$dQi is equivalent to the condition x'$dQ\). 

Consequently, for any point x 1 £ Q[ the identity (42) can be differ¬ 
entiated under the integral sign with respect to x' any number of 
times, and, moreover, A u' — 0. Since Q\ is arbitrary, the conclusion 
of lemma follows. 

Thus, by means of Lemma 7, the investigation of harmonic func¬ 
tions in an unbounded region whose complement contains interior 
points is reduced to that of harmonic functions in a bounded region. 

Let the complement R n \Q of the region Q in R n be bounded. 
A harmonic function u(x) defined in Q is called regular at infinity if 
u{x) = o (1) when n > 2 or u{x) — o (In | x |) when n — 2 as 
I X | —v oo. 

Suppose that the complement of Q contains interior points (this 
includes, as above, the origin). As a result of inversion mapping (39) 
the region Q is transformed into a bounded region Q' having an iso¬ 
lated boundary point, the origin. If the harmonic function defined in 
Q is regular at infinity, then, by (40), the Kelvin transform u'(x') of 
this function is, as x' 0, o (| x' | 2-T! ) if n > 2 and o (In | x' |) if 
n — 2, that is, as x' —0, u'(x') = o ( U(x ')), where U is the funda¬ 
mental solution of the Laplace equation. Then, according to the 
theorem on removal of singularity, lim u'{x') = A exists and the 

function u'{x') redefined at the origin by A (the same notation 
u'{x') is used) is harmonic in the region Q' 0 = Q' U (0). 

Thus we have obtained the following result. 

Lemma 8. Let the function u(x) be harmonic in an unbounded region 
Q whose complement is bounded and contains interior points, and let 
this function be regular at infinity. Then its Kelvin transform is har¬ 
monic in Q' 0 . 

According to Theorem 5, the function u' ( x') is analytic in x' in 
Q' (J (0). Therefore, in particular, there is a number R 0 such that 
the function u'(x') has a Taylor series expansion 

u' (x') = 2 A a x’ a 

a 

in the ball (| x' | < i? 0 } that converges (together with all the deriv¬ 
atives) absolutely (and uniformly); here A a = D a u' (0), A 0 = A. 
But then, in view of (39) and (41), for all x, | x | > l/i? 0 > 

u(x) = 2 A a 2| fj +n _ 2 , (43) 

a 
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where the series on the right-hand side of this equality converges for 
| x | > l/R 0 absolutely and uniformly together with all its deriva¬ 
tives. 

Let T(x) denote the function u(x) — , that is, for \x\> 

I X \ 

x a 

>l/i? 0 T(x)= 2 A « . 1 2 |g|+n-2 ~ - Since for anya = (a„ 

|a|>i 

D a u~D a J ^ = - 2 + D a T(x) and since \D a T\^ ^p^ -, where 
is a positive constant, it follows that 


In particular, 


Vu 


-D a 

^0 

j x I”- 2 

<\ 


^0 


\ x ) 

| X |»-« 

^0 

(2 — n) x 

< 

\x\n 




| x |n+|a|-l ' 
const 


x |n-» ’ 

const 

i * K' 


(44) 

(45) 


The assertions established just now regarding the behaviour for 
large | x | of the function u(x) harmonic in Q and regular at infinity 
in the case when the complement of Q is bounded and contains in¬ 
terior points remain always valid if the complement of Q is bounded 
(in particular, Q may coincide with the whole R n ). Indeed, since we 
are interested in the values of the function u(x) for sufficiently large 
| x | only, it may be assumed to be defined only on = {| x | > 
>/?!}, which is a subregion of Q for sufficiently large R x . And <? x is 
the complement of the set {| x | ^ R x } for which the origin is an 
interior point. 

Thus we have proved the following result. 

Theorem 13. Let the complement of a region Q he hounded. Then for 
any function u(x) harmonic in Q and regular at infinity there is a con¬ 
stant R> 0 such that for all x, | x | > /?, the function u(x) has a series 
expansion (43) which converges absolutely and uniformly together with 
all its derivatives, and the inequalities (44) hold. 

From Theorem 13 it follows, in particular, that if the function 
u {x) is harmonic in an n-dimensional, n> 2, region Q, which is 
exterior of a bounded set, and decreases at infinity, then it decreases 
not slower than the fundamental solution of the Laplace equation, 
and, moreover, the limit of u (x) | x | n ~ 2 exists as | x | oo. When 
n — 2, the function u (x) harmonic in Q which grows slower than the 
fundamental solution is, in fact, bounded, and its limit exists as 
| x | —*■ oo. 

Remark. If’the complement of Q is unbounded, then for a function 
u(x) which is harmonic in Q and satisfies the condition 

u{x) = o (1) as | x | oo, x £ Q, for n > 2 
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or 

u (x) = o (In | x |) as | a: | —>- oo, X £ Q , for n = 2, 

the conclusions of Theorem 13 are, generally speaking, not true. For 
instance, when n = 2, the function arg (x 1 + ix 2 ) is harmonic and 
bounded in /? 2 \{x 2 = 0, x t 0} but does not have a limit as 
| x | oo. 

Suppose that a function u (x) is harmonic throughout the space R n . 
We shall say that u(x) is semibounded if it is bounded above or be¬ 
low, that is, if for all x 6 R n the inequality u(x) M or u{x) ^ M 
holds, respectively, with some constant M. 

Theorem 14. A semibounded function which is harmonic in R n is 
constant. 

Proof. Since for a function u(x) bounded above the function 
— u(x) is bounded below, it suffices to establish the theorem for the 
case u(x) > M in R n . In this case the harmonic function v(x) = 
= u(x) — M ;> 0 in R n . The theorem will be proved if we show that 
v(x) = const. 

Take an arbitrary point x° £ R n and the ball {| x | < R } of radius 
R > | x° |. The Dirichlet problem for the Laplace equation in the 
ball {| x | < /?} with boundary function v |{|*|=n} has a unique 
classical solution, so for all x, | x \ < R, 

v(x)= f P R (x, Qv(Z,)dS lt 
lil=n 


where Pr(x, g) is the Poisson kernel of the Dirichlet problem for the 
Laplace equation in the ball {| x | <; /?} (formula (31)). In particu¬ 
lar, for x = x° we have 


v(x°)= \ 


Pr( x °i l) v(l)dSt 


fl 2 -|*°l 2 f p(i) 
<y n R J l*°-il n 

lll=H 


dS%. 


Since for | g | = R 

R — | x° | < | a: 0 — g | < R + | I, 
we have (note that the function v (g) 0) 


m=R 


or, in view of the first mean value theorem. 


(R-l*° l) n 


(i?-H*°|) n (i? — | a:® |« V 


17-0594 


~PuJuc. C-tiL t cA 




258 


PARTIAL DIFFERENTIAL EQUATIONS 


Letting R oo in this inequality, we find that v(x°) = i>(0). 
Consequently, since the point x° is arbitrary, v(x) = const. | 
Corollary. If the function u(x) harmonic in R n satisfies the inequal¬ 
ity | u{x) | ^ C{ 1 + | x |) ft , where C is a constant and k a non¬ 
negative integer, for all x £ R n , then u(x) is a polynomial of degree not 
exceeding k. 

Proof. When k — 0, this result is contained in Theorem 14. As¬ 
sume that k>0, and take an arbitrary number R > 1. By Lemma 3, 
Subsee. 2, for any a = (a x , . . ., a„), | a | = k 

max | D a u k h ) h max | u(x) | 

|x|:£R \ ■« / |*|:g2H 

< Ckk (if ) b < 4 + 2R ) h < (£)'* = C ( 3kn ) h - 


From this inequality it follows that for any a, | a | = k, the func¬ 
tion D a u harmonic in R n is bounded in R n . According to Theorem 14, 
the functions D a u, | a | = k, are constant in R n . Consequently, 
u(x) is a polynomial of degree not exceeding k. | 

We have established above some properties of harmonic functions 
in unbounded regions. It was shown, in particular, that the Kelvin 
transformation reduces the investigation of a harmonic function in 
an unbounded region (whose complement contains interior points) 
to that of a harmonic function in a bounded region. 

Let us now examine boundary-value problems for the Laplace 
equation in unbounded regions. First of all note that for an unbounded 
region the usual conditions on the solution (imposed in the case of 
a bounded region) are not enough to guarantee its uniqueness. 
For instance, all the functions c In r, <;(/•* — r~ h ) cos /c0, c(r* — 
—r~ h ) sin *0, k = 1 , 2, , . ., where c is any constant, x t — r cos 0, 
x 2 = r sin 0, are harmonic in the region {r > l}cr i? 2 , continuous 
in its closure and vanish on the boundary {r = 1). Therefore in 
defining a solution some additional condition characterizing its 
behaviour at infinity should naturally be imposed. 

N 

Let the region Q — R n \ U Qi, where i = 1, . . ., N, are 

i =1 

bounded regions with disjoint boundaries. 

A function u(x) £ C 2 (Q) is called the (classical) solution of the 
Dirichlet problem for the Laplace equation in Q: 


Au = 0, x£Q, 

u |a<3 = <P 


(46) 


if it is harmonic in Q, continuous in Q, satisfies the boundary condi¬ 
tion in (46) and is regular at infinity. 
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A function u ( x ) £ C 2 ( Q ) is called the (classical) solution of the 
third boundary-value problem for the Laplace equation in Q: 

Au = 0, x 6 Q, 

(47> 

if it is harmonic in Q, continuously differentiable in Q, satisfies the 
boundary condition in (47) and is regular at infinity. 

If <r = 0, the third boundary-value problem is designated the 
second boundary-value problem or the Neumann problem. 

Let Q' denote a bounded region which is the image of the region Q 
under the inversion mapping (the origin is an interior point of the 
complement of 0 . 

Assume that u(x) is a solution of the problem (46). It follows 
from Lemma 8 that the function u'(x'), the Kelvin transform of 
u (x) (redefined with respect to continuity at the origin), is harmonic 
in Qo = Q' U {0}. Furthermore, it is clear that u' (x') 6 C ( Q ' 0 ) and 
»'(*') I = <PV)> where q>'(*') = | J <P (-jp-jr) • This 

means that u'(x') is a classical solution of the Dirichlet problem 
for the Laplace equation in the (bounded) region Q' 0 with boundary 
function <p'(x'). 

Conversely, if u'(x') is a classical solution of the Dirichlet problem 
for the Laplace equation in Q' 0 with boundary function cp'(x'), then 
the function u(x), its Kelvin transform, is harmonic in Q, continu¬ 
ous in Q , satisfies the boundary condition u\oq = cp and is clearly 
regular at infinity, that is, u(x) is a classical solution of the prob¬ 
lem (46). 

Therefore the existence and uniqueness theorems regarding classi¬ 
cal solution of the Dirichlet problem in a bounded region (Theo¬ 
rems 9 and 10) imply the following result. 

Theorem 15. There exists a unique classical solution of the Dirichlet 
problem (46) with any continuous boundary function 9 . 

The Kelvin transformation similarly reduces the investigation of 
the third boundary-value problem in an unbounded region Q to that 
in a bounded region Q' 0 . We confine to the proof of the uniqueness 
theorem. 

Theorem 16. The third boundary-value problem, with a(x) ^ 0, 
a (x) 0, for the Laplace equation in Q cannot have more than one 

solution. 

The second boundary-value problem for the Laplace equation in Q 
cannot have more than one solution when n > 2 , while in the case n — 2 
the solution (if it exists) is determined up to a constant term. 

Proof. Suppose that the third (second) boundary-value problem has 
two solutions u x (x) and u 2 (x). Then the function u(x) = u x (x) — 

17* 
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—u 2 (x) is harmonic in Q, continuously differentiable in Q, satisfies the 
boundary condition + ou ) | aQ = 0 and is regular at infinity. 

We take a number R > 0 so large that the region {| x | > R } is 
contained in Q, and in the region Qr = Q [} {| x | < if} apply 
Green’s formula 

0 = j uAu dx = — ^ | Vw | 2 dx + ^ udS 

Qr Qr 8Q 

+ j ~udS=- j | Vu) 2 dx- \ au 2 dS + j i£udS. 

M=R Q r dQ |x|=B 

This yields the identity 


^ | Vre| 2 dx + j au 2 ds = J ~^-udS. (48) 

Qr dQ l*|=K 

By Theorem 13, u | {M . H > = O (^rj) and | {)sci=R} =0 (^rr) 
when re > 2 and ~ I — O ( -i-) when n = 2. Therefore 

dn |{|x|=R} Vi? 2 / 

J ^'‘ ds - 0 (M if "> 2 


and 


1 * 1 =R 


5 £ « ”“ 2 - 


|*I=B 


Passing to the limit in (48) as R oo , we obtain 


j | Vu | 2 dx + j ou 2 dS — 0 
Q 8Q 

Since a ^ 0, this identity is equivalent to two identities 

j | Vw | 2 dx = 0 and | ou 2 dS = 0. (49) 

Q oq 

The first identity in (49) implies that u = c 0 = const in Q. If 
re > 2 , we find, noting the regularity of u (x) at infinity, c„ = 0 , 
that is, = u 2 in Q. 

If re = 2 and n(x) >• 0, cr(x) =£ 0 (the third boundary-value prob¬ 
lem), then the relation c 0 = 0 is a consequence of the second identi¬ 
ty in (49). 

If, however, re == 2 and <j(x) = 0 (the second boundary-value prob¬ 
lem), then the function u(x) = c 0 , with an arbitrary constant c 0 , 
is harmonic and regular in Q and satisfies the homogeneous boundary 

condition ~ I = 0 . I 
dn \dQ m 


~PiOuc. Tftdf/ttimftf C-tiL t cA 


PROBLEMS ON CHAPTER IV 


261 


PROBLEMS ON CHAPTER IV 

1. Show that a function u(x) belonging to L 2 l0C {Q) and satisfying the 

identity ^ u Av dx — 0 for all v £ C°°(Q) is harmonic in Q. 

Q 

2. Complete the set of functions belonging to L 2 ( Q ) and harmonic in Q in 
the norm of i 2 «?)• 

3. Suppose that the function u 6 Hf 0 C (Q) fl C ( Q) and dQ £ C 2 . Prove that 
u g II^iQ) provided A u 6 L 2 (Q). 

Note that the result of Problem 3 implies that the classical solution of the 
Dirichlet problem for Poisson’s equation A u — f, u | d Q = 0 with right-hand 
side / belonging to L 2 (Q) is a generalized solution and even a solution almost 
everywhere. Accordingly, the classical eigenfunctions of the first boundary-value 
problem for the Laplace operator are generalized eigenfunctions. 

4. Let dQ £ C 2 . On the set of all functions u(x) £ C 2 (Q) fl C ( Q ) such that 
Au(z) £ L 2 (Q), we define a scalar product J Au-Av dx. Complete this set in the 

q | 

norm generated by this scalar product. 

5. Suppose that the boundary dQ of a region Q belongs to C h . Establish 
the following results. 

(a) In the Hilbert space H^ (Q) the following scalar products equivalent to 
the usual scalar product may be defined: 

f (A k/2 f, A h/2 g) UQ) for even k, 

(/ ’ I (A (ft_ 1)/2 /, A ( *- 1)/2 g)„ 1(t) for odd k 

and 

(f ’ #) ft = S si | ft i 
H%(,Q) S=1 

where f s = (/, u s ) L while u s and X s are sth eigenfunction and the correspond¬ 
ing eigenvalue of the Dirichlet problem for the Laplace operator in Q. 

(b) In the Hilbert space (<?) one may introduce the following scalar 
products equivalent to the usual scalar product: 

. ., _f (A h/2 /> a?!/2 £)l,(Q) + (/, s) Ll (Q) for even k, 

’ 1 (AA (ft - 1)/2 g)„, (0) + {/, g) LM for odd k, 

and 

(/.*)> = fjWIMM-i), 

where f s = (/, ^ s )l 2 (Q)' while u s and X s are sth eigenfunction and the correspond¬ 
ing eigenvalue of the Neumann problem for the Laplace operator in Q. 

6. Suppose that a function u(x)£C(Q), and for any point Q there is a 
number r = r (x) > 0 such that the ball 5 r (i) = {1£— x | < r} c Q and u{x) = 

= g j u(£)dSg. Show that u(x) is harmonic in Q. 

n os ].(*) 
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7. Suppose that the function u(x) £ C l (Q) and j -^—dS = 0 for any sphere 

S 

S lying in Q. Show that u{x) is harmonic in Q. 

8 . Show that the first eigenvalue of the first boundary-value problem for 
the Laplace operator in the region Q , dQ £ C 2 , is nondegenerate and the corre¬ 
sponding eigenfunction does not vanish in Q. 

9. Show that a function u(x) £ C 2 (Q) and satisfying in Q the Helmholtz 
equation Are + Xu = 0, where A, is a constant, is analytic in Q. 

Note that the result of Problem 9 implies that eigenfunctions of any 
boundary-value problem for the Laplace operator in Q are analytic in Q. 

10. Let y~k(Qi) and A h ((? 2 ) be /cth eigenvalues of the first boundary-value 
problem for the Laplace operator in regions Q x and Q 2 , <?i <S Q 2 . Prove that 
K (Qi) < AftJ<?a) for all k = 1 , 2 , . . .. 

11. Let LJdQ) (dQ is the boundary of an re-dimensional region Q) be the 
subspace of the space L 2 (dQ) that contains all the functions orthogonal (in 
L 2 (dQ) with a scalar product) to constant functions. For any function ap(ar) £ 
£ L 2 (dQ) there exists a unique generalized solution u(x) of the Neumann prob¬ 
lem for the Laplace equation in Q with boundary function if whose trace on 
dQ u| aQ = 9 £ L 2 (dQ). Thus an operator A is defined on ~L 2 (dQ) that asso¬ 
ciates with every function if £ L 2 (dQ) a function 9 £ L 2 (dQ): /Iif = (p. 

Establish the following results. 

(a) The eigenvalues \ h , k = 1, 2, . . of the operator A are positive; 
the eigenfunctions e h , Ae h = k h e h , 1 = 1 , 2 ,..., constitute an orthonormal 
basis for L 2 (dQ). 

(b) There exists a generalized solution u h (x) of the Dirichlet problem for 
the Laplace equation in Q with boundary function Y e h , k = 1, 2, . . .. 
The system u h (x), k= 1, 2, .... constitutes an orthonormal basis for the 

space with scalar product ^ VuVv dx which consists of all the harmonic 

Q 

functions in Q belonging to H 2 (Q) whose trace on dQ lies in X 2 (dQ). 


OO 

(c) For any function if £ L 2 (dQ) the series V if h ]/" k h u h (x), where if h = 

fc=l 

= (if, e h ) Lt , aQy converges in H 1 (Q) and represents a generalized solution 
of the Neumann problem for the Laplace equation in Q with the boundary 
function if. 

(d) Let <p £ L 2 (dQ). In order that there may exist a generalized solution 
u (x) of the Dirichlet problem for the Laplace equation in Q with boundary 


oo 

function 9 it is necessary and sufficient that the series ^ 

fc=l 


l«Pfc I 2 


where 


<Pft = (<P- e h) Lt (dQy C 0 Ilver ge- Moreover, u(x) =y^j J <P<^ +2 Tfe^ft (*)• 

dQ h=l 

(e) Find the eigenvalues and eigenfunctions of the operator A when the 
region Q is the disc { | x | < 1} (a two-dimensional case), and show that the 
condition of part (d) in this case coincides with the condition in Theorem 13, 
Sec, 1.8. 

12. In order that the function f(<p) defined on the boundary (r = 1} of 
the unit disc (r < 1 } in the plane x, = r cos 9 , x 2 = r sin 9 and belonging 
to L 2 ( 0, 2jt) may be the boundary value of some function in HA (r < 1) it is 
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2n 231 

necessary and sufficient that the integral j J (/ (<p + t) — f (q>)) s 

o o 

converge. 

A function u(x) £ C l (Q) f) C\Q) satisfying the equation 

A*u = /, * € <?, 

and the boundary conditions 


i n du 

“* d « = 0 - 


OQ 


= 0 


(1) 

( 2 ) 


is called the classical solution of the Dirichlet problem for the equation A 2 u = / 
in Q. A function u ( x) 6 C* (Q) (1 C 2 (<?) satisfying Eq. (1) and the boundary 
conditions 

u |qq = 0, Au IgQ = 0 (3) 

is known as the classical solution of the Riquet problem for the equation A 2 u = 
= / in Q. 

Let the function f € L a (Q). A function u belonging to H 2 (Q) and satisfying 
the integral identity 


1 


Q 


ku&vdx — 



(4) 


for all v £ H 2 {Q) is called the generalized solution of the Dirichlet problem (1), 
(2). A function u belonging to H 2 ^(Q) and satisfying the integral identity (4) 

for all v 6 H 2 <^(Q) is designated as the generalized solution of the Riquet prob¬ 
lem (1), (3). 

13. Let dQ 6 C 2 . Prove the following results. 

(a) The classical solutions u(x) of the problems (1), (2) and (1), (3) belong 
ing to C*(Q) are generalized solutions of these problems. 

(b) The generalized solutions of the problems (1), (2) and (1), (3) exist 
for all / € L 2 (Q) and are unique. 

Let Q be a ball of radius R: Q = { | x \ < R}. By S 1 denote the hemisphere 
(| x | = /?}(! {*i > 0} and by S a the hemisphere {| x | =^_R) fl < 0}. 
A function u{x) belonging to C 2 (Q) fl C 1 (<? U Si) fl C{Q) and satisfying 
Poisson’s equation 

A« = /, x£Q, (5) 

and the boundary condition 


du 

dn 



“ls 2 =0 


( 6 ) 


is termed the classical solution of the problem (5), (6). 

By ff 1 (Q) denote the subspace of the space H l (Q) which contains all the 
functions u 6 H X (Q) whose trace on S a is zero. Let / £ L 2 (Q). By a generalized 
solution of the problem (5), (6) is meant the function u £ R X {Q) which satisfies 
the integral identity 

^ VttVyda:= — ^ fvdx 

_ Q Q 

for all v € H^Q). 
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14. Prove that for any function / £ L 2 (Q ) the generalized solution of the 
problem (5), (6) exists and is unique. 

Let Q be a bounded two-dimensional region with boundary dQ £ C 3 , and 
let l(x) be a twice continuously differentiable vector defined on dQ, | l(x) | = 1, 

Jt 

that makes an angle a(x), | a(x) | <-?p> with the (outward) normal vector 

to dQ (a (x ) = A function u(x) belonging to C X (Q) f| C 2 (<?) and satis¬ 

fying the equation 

A u — u — f, x 6 Q, (7) 


as) well as the boundary condition 


du 

dl 



( 8 ) 


is called the classical solution of the directional derivative problem (7), (8). 

Let A(x) be a function belonging to C 2 (Q) whose value on the boundary 
dQ is tan a(x). Let / 6 L 2 (Q). By a generalized solution of the problem (7), (8) 
is meant a function u 6 EPiQ) satisfying the integral identity 


J (V«Vi; + ua)d*+ j A(u x v xi — u xi v x2 )dx 
Q Q 

+ J (V^rVn)^ 1 " 

Q 



dx 


for all v 6 H X (Q). 

15. Prove the following assertions. 

(a) A classical solution of the problem (7), (8) is a generalized solution. 

(b) If a(x) == const, then for any / £ L 2 (Q) there exists a unique genera¬ 
lized solution of the problem (7), (8); this solution does not depend on the method 
of extending the function tan a{x) by A (x) into Q. 
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CHAPTER V 


HYPERBOLIC EQUATIONS 


In this chapter we shall study the Cauchy problem and the mixed 
problems for a hyperbolic equation of the form 

u tt — div (k (x)Vu (x, t)) + a (x) u (x, t) — f (x, t). 

Here (x, t) = (x t , ..., x n , t) is a point of the (n -f- l)-dimensional 

space /? n+1 , x£R n , t£R lt Vv(x, t)= , ..., and 

div (W!(x, t), ..w n (x, t)) = -^-+ ...; by Av(x,t) we 

d^v d^u 

shall mean div Vu ( x , t ) = • The data of the prob¬ 

lem will be assumed real-valued functions and we shall examine 
only real-valued solutions of these problems. Therefore H h , C h , 
k = 0, 1, will henceforth mean corresponding real spaces. 


§ 1. PROPERTIES OF SOLUTIONS OF WAVE EQUATION. 

THE CAUCHY PROBLEM FOR WAVE EQUATION 

1. Properties of the Solutions of the Wave Equation. Let us exa¬ 
mine the simplest hyperbolic equation of the second order, the wave 
equation, 

n 

Qu(x, t)s=u n — Aussuu— 2 u X x =f(x, t). ( 1 ) 

i=l * 

First of all we shall obtain some special solutions of the homogene¬ 
ous wave equation (Du = 0) depending only on tl\ x |. The func¬ 
tion v(x, t) ~ w (t/\x |) which for | x | #= 0 is a solution of the homo¬ 
geneous wave equation satisfies the ordinary differential equation 
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The general solution of this equation in each of the intervals (—oo, 
—1) (—1, +1). (+1* +°o) is given by the formula 


Cl 



n-3 

| 2 dz + c 2 . 


where c x and c 2 are arbitrary constants. This, in particular, implies 
that for 0 < | x | < — t (z = t/\ x | < —1) the function v(x, t) 
has the form 


v{x, t) = cj In | 1 + c 2 

v(x, t) = c, In + 

* 


—1— C*i 




when n=l, 
when n— 2, 
when n —3, 


and so on. 

By K x - t t',to we shall denote the cone {| x — x' | < t' — t, 
t a < t < t'} of “height” t' — t° with vertex at the point (x', t'), by 
IV.t'.to its lateral surface {| x — x' | = t' — t , t° ^ t ^ *'}, 
which is a characteristic (see Sec. 2, Chap. I) for the wave equation, 
by ° the base of the cone {| x — x' | < t' — t°, t = £ 0 } 

and by S X ', v, to the boundary of the base which is the sphere 
{| x — x' \ — t' — t°, t — t 0 }. 

Let (a; 1 , t 1 ) be a point of R n + V K the cone K x i, t o, t° < t 1 , and 
D — D x i t ji, jo the base of this cone (see Fig. 2). We shall demon¬ 
strate that if the function u(x, t) is sufficiently smooth in K U D, 
then its value at any point ( x , t) of the cone K is determined by the 
value of Du in the cone K x , /, and those of u and u t on the base 
of this cone D x< t, «»• 

Consider first the case of three space variables, n — 3. It is as¬ 
sumed that u(x, t) 6 C\K) fl C\K US) and C(K (J D). Let 
(|, t) be any point of K and e any positive number less than r — t°, 
0<e<T — t°. By K e denote the region {e < | a; — £ | < t — 
t° < x — e} lying in K. The boundary of K e is divided into three 
parts: T* = {| x — g | = t — t, t° ^ t < t — s}, D e = {e < 

< | x — | | < x — t°, t = < 0 }, Ye = {| x — £ | = e, t° < t < 

< i — e}. 


We examine the special solution, depending only on 
the homogeneous wave equation: 


l*-Sl 


of 


V (x t T) — | x _|| +1- 


( 2 ) 
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Since the functions u(x, t) and v(x — |, t — t) belong to C*(K e ), 

3 

V □ u — u □ v= — S ( u x.v — uv x .) x . + (u t v—uv t )t 

1 11 

in K e . 

Integrating this equality over K, and taking into account that 
□ f = 0 in K„ we obtain, by Ostrogradskii’s formula, 

3 

J vnudxdt— ^ — 2 (u x .v — uv x .) + (u t v — uvt) dS 

K e r e UD e Uv e i=i 

— It e + ^D e + -^v 

where n — (n„ n 2 , n 3 , n 4 ) is a unit vector normal to'disT e directed 
outwards, and /r e , Id e , Iy e are integrals over r e , D e , y e . 



Consider the integral over T e . It follows from (2) that u| r = 0. 
Furthermore, since . 

« = < 4 > 

and the normal on T e „ = *=|j-, l) = 

> l)- we have 


3 


2 


(Vx^i) — Vttli 


1 

£lJ> 

1 

H 

1 

1 ) 

r e V2 

1 l*-£l 3 

l*-6l / 
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Consequently, 


° 3 ° 

/r e = j [w (2 v *i n i — ^ 4 )+y(«t»4—2 = 0. (5) 


i=l 


i=l 


Since the normal on D e is re=(0, 0, 0, —1), we have by (2) 
and (4) 

Since the functions u(x, t°) and u t (x, t°) are continuous (u £ 
^C^KIJD)), the limit of the integral Id exists as e-+0 and 


lim I D — 


e-»0 


i*—5 


“(*> *°) rf r 

~F=iT dx 


+ { ( |X—g”| -1) u t (*, t°) dx. (6) 

|3C-5|<T-i» 

On the surface y e the normal n= > 0j = (-^j— > 0), 

therefore, taking (4) into account, we have 


J J £vds, 

t° |*-||=8 t» |x-||=8 

= -T(^ + ‘)‘« f i-M.+y ( »<**. 

t° | x~\ |=8 <» | x-| |=e 

Since for \x —1| = 8, —e the inequalities 

and | u(x, t) — u(|, t)\^.Ms, where M is a certain constant 
(M = max |Vu|), hold, it follows that 


<°5£f=£T 


J dn 


dS, 


and 


I *-i l=e 


^4ne 2 4f 


I f u(x,t) dS x — f u(£, t) dS x I 

|*-£|=e |x-£|=e 

sc; \ | u(x , t) — u(l, t) | dS x ^.Am 3 M. 

l*-il=e 

Therefore the limit of the integral / v exists as e -*■ 0 and 
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* 

lim/ Y =4ic f (t — t) u (I, t)dt. 
8-0 e J 


( 7 ) 


Passing to the limit in (3) as e -*■ 0 and taking (5), (6), (7) into 
account, we find that for any point (£, x) of K 

T 

4n j (f — t)»(E, t) dt— — f dx 

- J 

| |<T-f° 

T 

4-jdf j ( | j ' + 1 ) □ u ( x ’ *) dx ' 

f* l*-6i<x-« 

Differentiate this identity with respect to x: 


j u(|, f)df 


1 


4n (t—1°) 

+ ~w J 


j u(x, t°) 


dS „ 


ii({r, «°) 


whence we have 


|x—II dx-\- 4^ 


ti* } ■ 


□ 0 J- 

l*-6l > 


T )=w(W=^y I u(x,t°)ds x ) 

+ to(x- -?o' J M*,*)*s a 


|3C-E|=t-«* 


+i-J* J W"*' 


i» |X-£|=T-« 


Since 

T 




□ u(x, T — X) dg 


t* |*-S|=T-< 


J* 5 5 dl 5 —|i=TT 

0 | 3C-| |=X. 

- J 


□ “(*, T—|X—1|) 

- \7=r\ dx > 
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for any point ( x , t) of the cone K x i, 4 i, 4 o the following Kirchhoff 
formula holds: 

**'<>-M-Tsnjh* I “(E. *°)dSt) 

i*-g(=«-t* 

+-T 7 a “^z{ri 8 i V E -3 < 8 > 


Since 


4ji (I —i°) J 

| x-g 

it follows that 


j u(i, 1°)^! —-^Jr § u(;r+T)(* —f°), 1°) dSV 


4ji (t — 1°) 


J «(6, t?)ds t ) 




= -£T J u(x + r\)(t-t°),t 0 )dS^ 

|ti|=i 

+^f- J (vu(*+ri(t-t») # *«),ti);^ 

m1=i 

^s nr-tW I [«(E.< # ) + (S-*)-vu(|,t # )iis 6 . 

Therefore Kirchhoff’s formula can be written in the form 


«*(*. f )=4F ( i - -tT 5 NE.«°) + (5-*)-Vu (5,01^6 


I *-E !■=»-<• 
1 

4jt (t — <°) 


j u t (l, P) dS 6 


x-Zj —t—t° 


, 1 f Dug, t-|*-EI) ^ 
+ 4* J |FF| a $- 


!*-g| <t-t 


Formulas (8) and (9) show that the value of the function u at any 
point ( x , t) of K is expressed in terms of values of Du in K Xt t , t° and 
of u and u t in D Xi t , 4 ®. Note that the value of the function u at 
the point (x, t) £ K is determined (when n — 3) by the values of the 
function Qu not on the whole cone K x> 4i 4 ® but merely on its lat¬ 
eral surface r x> 4> t « and those of u, u t and V« not on the whole 
base D x , 4 , t® but only on its boundary, the sphere S Xi 4i 4 «. In 
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particular, if at some point (x, t) £ K = 0 on T*, t , t« and u — 

= u t = | Vu | = 0 on S x , t, t °i then at this point u(x, t) = 0. 

The above fact at once implies the following theorem, true for 
n = 3, which states that the solutions of Eq. (1) in the cone K x i, t i, t0 = 
= K is uniquely determined by the values of u and u t on the base 
-Oxi, n.to = D of this cone. 

Theorem 1. Suppose that the functions Ui(x, t) and u 2 (x , t) 
C 2 (K) fl C l (K U D), □ Uj = □ u 2 in K and u,(x, t°) | D = 

dui ( x , t°) I du 2 ( x , t°) 


to 


belong 
= u 2 (x, t°) 


\D> 


dt 


Then u t = u?, in K. 


dt \d 

Proof. Indeed^ the function u = u x — u 2 belongs to C 2 (K) fl 
f] C\K U D), Du = 0 in K and for x £ D u(x, t°) — u t (x, t°) — 0. 
From (9) it follows that u(x, t) == 0 in K, that is, u^x, t) == u. 2 {x, t) 
in K. | 

For any number of space variables, the corresponding representa¬ 
tion and the proof of Theorem 1 can be obtained by the same method. 
If the function u(x, t) 6 C 2 (K) f| C\K U D), the function □« 
and all its derivatives with respect to the space variables up to order 

f n I 

m = max ( j —1> 0 j are continuous in K\JD, u ( x , t°) g 2 ( D ) 


and u t {x, t°) 6 C m (D), then the value of u(x, t) at any point ( x , t) 6 
£K is expressed in terms of the function Du (and its derivatives with 
respect to space variables up to order m) in K x , t, to and the 


functions u and u t (and their derivatives up to order [-y j and m, 

respectively) in D Xi t , to. For instance, for n > 3 the representation 
is obtained in exactly the same manner as for the case n = 3; as 

a special solution v(x — g, t — t), with :-^ < — 1, of the homo- 

\ X b| 

z n-3 

geneous wave equation we have to take the function j (£ 2 — 1) 2 dt,, 

-l 

t —T 

z ~ T^hTP 

Note that in the case of even n, n>-2, the value of the function u 
at the point (x, t) is determined by the values of the function Du 
(and its derivatives with respect to space variables) on the whole cone 
K x , t , to and those of the functions u and u t (and their derivatives 
with respect to the space variables) on the whole base D x , t , to . In 
the case of odd number of variables n > 3, the value of u at the 
point (x, t) is defined, as in the case n = 3, by the values of the func¬ 
tion mu and its derivatives with respect to the space variables only 
on the lateral surface F*, t , ta of the cone and those of u, u t and 
their derivatives with respect to the space variables only on the 
boundary S x , t , to of the base. 
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For two and one space variables the corresponding representations 
together with the proof of Theorem 1 are most easily obtained di¬ 
rectly from formula (9) (or (8)). 

Suppose that a function u(x, t), x~(x i ,x 2 ), is defined in the 
cone K = K x i tt ',t°, ** = (*i» x ^)i and belongs to C 2 (K) f) C l (K |j D), 
D = D a i i , 1 , to and □ u = u tt — u XlXl — u XtX ,£C(K\J D). The function 
u(x, t) may be regarded as a function of four variables x u x 2 , x 3 , 
t, which is independent of x 3 , defined in the four-dimensional cone 
K x 1 x i x i f i t u in which x\ is arbitrary; moreover, u(x t , x 2 , t) £ 

€ C ' 2 (*,i, xl xl t\ i°) n c ' ( K x \, 4 , 4 , t\ t° U D X 1 xJf xl 4 1 t o), and u tt — 
— u XlXl — u x , Xl — u x „ x , £C(K 1 ( oU D x i (0 ). For all points 

(x lT x 2 , t) belonging to K, by formula (9) we have 
* 

u{x J, x 2 , t) 


1 


4it {t — i 0 ) 2 


[u(li, g 2 , t?) 


(*i-i.) 2 -H^-i.) 2 +(* s -g») 2 =«-t 0 ) 2 
+ (il — x l) u ti (£l> ^°) + (l2 — ^ 2 ) u l2 (£l> ^2> £°)1 dSi 

j _-— r 

r 4 n(t—t°) J 

(^-l.) 2 -H* 2 -l>) 2 +(*»-S s ) 2 =U-t°) ; 


u t (ii, Zz, t°) dSi 


t-t° 


Since 


+ 4 r J d P 

0 

g(Zi,Zz)dS k 


<*i-|.) 2 +(* 2 -i 2 ) 2 +<* I -&,) 2 =p 2 


D u (ll’ I21 * P) dS 
p 5 


(*, - 6i) 2 +(*j - ) 2 +(*. - IU 2 =P 2 

= 2p 


J 


g(Z n I 2 ) dj 1 d£ 2 


(*i-£.) 2 +(*,-|.) 2 <P 2 


/ P 2 — (a=i — 61) 2 — (^ 2 — g 2 ) a ’ 


(10) 


it follows that 
1 


u(x, t ) 


j 


“(E, «°) + (£-«)-Va (g. <°) 


2lt(i_<0) |3C J <( _ ( . ^0-*°) 2 -l*-E| 2 


dZ 


+4r J 


«i(E. *°) 


V (t-t°) 2 -|x-g| 2 

+ 1 (“dp r _ g“fe»-p) 
2jl 1 , Kp 2 — 1 ^—gr 




(H) 


|x-|i<p 


where g = (gj, g 2 ), x = (x x , ;r 2 ), and the point (a:, t ) is any point in 
the cone t >, < 0 . This formula gives the desired representation of 
the function when n = 2. 


18-0594 
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Note that for any point (x, Z) in the cone K 
1 


2ji (t —i°) 




f »(6. *°) +(!-«)• (6. *°) ^ 

J V {t-t 


=—f— f 

dt \2n J 


u(i, *0) d l 






Therefore representation (11) can be written in the form 

«(5, «°) dt \ 

/ ( *_fO ) «_| af _g|* ) 

u t (|, Z«) dl 

V (t-t«y—\x-t\* 

□ «(E, *-p) 


n_d l___\ 

— I 2 —El* / ' 


1 


+ "2^r ) 


\x-l\ct-i 


+ ' ( it , r - 

21 l , J.KP SI' 


dl- (12) 


Formula (12) is referred to as Poisson's formula. Similarly, for n — 1 
the corresponding representation is easily obtained from formula (11) 
(or (12)). If u(x, t) £ C*(K) (\ C'iK [} D), where K = K#, v , 1f > 
(triangle {t — t 1 < x — x 1 <z — t + t 1 , t° <l t < Z 1 }), D = 
= D x i, <i, jo (interval (x 1 + 7° — f 1 , x 1 + t 1 — Z 0 )), and Da = 
= u n — u xx £ C(K (J D), then the value of the function u at any 
point (x, Z) 6 K is given by the following D'Alembert formula : 

u(x,t)= »(»-■ + «“. »•) + »(-+<-»•■ ■•) + t_‘ 

X-t+t° 


X+t-T 


+ 


4 J* J 


□ w(£, x)dg, (x,t)£K x ., t ., f. (13) 

i° x-t+x 

2. The Cauchy Problem for the Wave Equation. For brevity, we 
shall denote the set of points {x £ R n , Z>Z 0 }, {x ( fl„, t Z 0 }, 
{x € B n , Z° < Z < Z 1 }, {x 6 Z = Z 0 } by {Z > Z 0 }, {Z > Z°>, 
(z° ^ Z ^ Z 1 }, {Z — Z 0 }, respectively, and the spaces C h ({t > Z 0 }), 
C* ({ Z > Z 0 }) by (Z > Z°) and C ft (Z > Z°). 

A function u (x, Z) belonging to C 2 (Z >• 0) fl C*(Z ^ 0) is called 
the ( classical) solution of the Cauchy problem for the wave equation in 
the half-space {Z > 0} if for all x £ R n , Z > 0 it satisfies the equation 


□ u = /, 

and for Z = 0 the initial conditions 

«|t=o = <P(*)> 
U t |i=o = ^(a;), 

withjfunctions <p, ip and / given. 


(14) 


(15) 
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According to Theorem 1 of the preceding subsection, the solution 
u(x, t) of the problem (14), (15) is uniquely determined in any cone 
A*., t i, o (x 1 6 A n > t 1 > 0), and hence in the whole half-space 
{t > 0}, by the given functions /, cp and ip. Thus we have the fol¬ 
lowing theorem. 

Theorem 2. The Cauchy problem (14), (15) cannot have more than 
one solution. 

We now proceed to discuss the question of existence of a solution 
of the Cauchy problem. 

Assume that the solution u(x, t) of the problem (14), (15) exists. 
The results of the foregoing subsection imply that if / 6 C (t 0), 
then in the case of three space variables (n = 3) the solution is 
given by Kirchhoff’s formula 


*)= \ ^^0+4^ 5 

I*— 6 1 = 1 

+ 4 - 5 'V.? 111 * !>0 ’ (16 > 

I JC-g |<t 

in the case of two space variables (n = 2) by Poisson’s formula 


u(x * = _£/_L [ _\ ._L f 

' ’ ' dt V 2a: J y i 2_| a; _||2 / + 2it i J 






l*-6i<* 




+-srj* J y S'X-?!- ' xiR *’ ‘ >0, (17) 


l*-5 |<T 


while in the case of a single space variable (n = 1) by D’Alembert’s 
formula 


x+t 

„<*, o_ ««+»+»(.-<) + | j t(6)i| 

X~t 

t X+T 

+ \\ dx J /(I, T)d|, x£R u t>0. (18) 

0 X-T 


In view of this, the proof of the existence of the solution of the prob¬ 
lem (14), (15) reduces to obtaining conditions under which the 
function u ( x , t) given by the corresponding representation is a solu¬ 
tion of this problem. 

Consider first the case of three space variables (n = 3). The fol¬ 
lowing assertion holds. 

If <p 6 C 3 (R 3 ), ip £ C 2 (R s ) and the function f and all its derivatives 
with respect to x x , x 2 , x 3 up to second order are continuous in {t~^> 0}, 
then the function u defined by Kirchhoff's formula (16) is a solution of the 

18 * 
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problem (14), (15); moreover , for any point ( X , T) £ {t 0}, 


U L r 


'C(JC 


A, T, 0 


^ll 9 llc(jr> ) + ^ II I V9 I || C ( B 


A, T, 0 

+ T 


a, r, o> 

f2 


'■C(.D x T _ 0 ) + 2 


C(K 


X, T> 0' 


( 19 ) 


Remark. From formula (19) it follows that if the function / is 
bounded in {0 <C t <. T}, the function if is bounded in R 3 , and the 
function q> is bounded in R 3 together with all its first derivatives, 
then the solution u of the problem (14), (15) is bounded in {0 <; t < 
< 7 1 } and 

sup | u I ^sup | <p | -f- T sup I V<p | + T sup | if | + sup |/|. 

{0 <t<T) R, Rj R, * {0<«<T} 


We shall first examine the function 


u g (x, t, t) = ^ g{l,x)dS % , x£R 3 , t> 0, t> 0 , (20) 

\x-% i-t 

where g{x , t) 6 C{v >- 0). When the function g does not depend on 
the parameter r, g (x, x) = g(x), the function u g (x, t, x) will be 
denoted by u g (x , t). 

Lemma 1. If the function g(x, x) and all its derivatives with respect 
to x x , x 2 , x 3 up to order k, k — 0, 1, . . ., belong to C(x 0), then 
the function u g {x, t, x) and all its derivatives with respect to x t , x 3 , x 3 , 
t up to order k are continuous on the set {x £ R 3 , t^0, x 0}. When 

k 2, the function u g (x, t, x) for any x ^ 0 satisfies in {t > 0} the 

equation □ u g = 0 and the conditions u g |; =0 = 0, A u g | (=0 = 0, 
u gt l(=o = g ( x , x). 

Proof. The first assertion of the lemma follows from the identity 

u g (x, t, x) = j g(x-\-tx\, x)dS n . (21) 

1n l=i 

It also follows from (21) that Ug| (== o = 0. Since for k> 2 

Au g (x, t, x) = j Ag(x + tr\, x)dS T] , (22) 

In |=i 

A u g | i= o = 0. 

Differentiation of (21) with respect to t yields 

^f=4r I £(* + fr|, x) dS n 

I T1 | = i 

+ * 5 J- j (Vg(a: + fri, x), rj)d5 n , (23) 

in l=i 
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whence it follows that 


du B 


ID 1=1 


u gt | t =o = lim 

Since 

j (Vg(ar + *ri, x), rfidS^ 

t f dg jx + ti), t) ££ _ l 
A n J 


j 1 g(x,T)dS r] = g(x,x). 


I n !=i 


dn v 


in l=i 


1 

4j it 


J 

I x-l |=J 

j Ag(g,t)d|- 


4jti 


l*-S l« 


where I (x, t, t) = j Ag(£, x)d|, (23) may be expressed in the 
form 


1 x-l |<t 


dUg 


which yields 


dt 


4 TCt 


d 2 Ug 


dt 2 


1 

ir u tr 


1 


g 


i a/ 


t at 


Ant dt 


“g , 1 
i 2 + t 


fi* + _Ly 

\ t ^ Ant ) 


Ant 2 
1 dl 


1 9/ 


1 

4nf 


(24) 


4nt dt Ant 2 4itt 9t 

J A*(g, r)dS l = -^ j Ag(x + ft), t) dS^. 
i 4 n In 1=1 

It follows from (24) and (22) that u gtt — A u g . | 

The second term on the right-hand side of (16) is (x, t), so by 
Lemma 1 (i|> 6 C 2 (i? 3 )) it belongs to C 2 (t 0), is a solution of the 
homogeneous wave equation and satisfies the initial conditions 

i n du '» 

ttilf |(=0 — 17 , 


dt 


i=0 


= Tl3. 


dun 


The first term on the right-hand side of (16) is . Since <p £ 

du w 

6 C 3 (R 3 ), the function —£ C 2 (t 0) and is a solution of the 
homogeneous wave equation 

a (-5r“»)=l D “*-° 

and satisfies the initial conditions 


dUy 

dt 


KTr)U" A “*l'-=°- 


~PuJuc. Tftdt/ttimfti C-tiL 




278 


PARTIAL DIFFERENTIAL EQUATIONS 


We denote the third term on the right-hand side of (16) by F (x, t) 
and transform it as follows: 


*■<*• ‘>=4 5 




/(!■ t — | a —£ I) 

l*-6l 


dl 


=4-If S t-P)<*s e 


i*-ii=p 


-J( 


4it (f — t) 

0 [x-|j=<—T 


£ f(Z, x)dSz}d% = 



where G(x, t, x) — u f (x, t — x, x). According to Lemma 1, the 
function G ( x , t, x) and all its derivatives with respect to x x , x 2 , x 3 , t 
up to second order are continuous on the set {x £ R 3 , t^> 0, 0 ^ 
^ x ^ t} and for any x 0 

G tt — AG = 0 for t^x, 

G |t= T = 0, G t | t=t = / (x, x). 


t 

Then the function F(x, t) = j G(x, t, x) dx is continuous in {t ^ 0} 

o 

together with first derivative with respect to t and all the deriva- 
tives^with respect to x v x 2 , x 3 up to second order. And since 



t, x)dx, 


F£C 2 (t^0). Furthermore, 


and 


t 

A F(x, t) = ^ A G(x, t, x) dx 
o 



t 

f-\-[ AG (x, t, x) dx. 
o 


Consequently, the function F (x, t) satisfies the equation □ F = f 
and homogeneous boundary conditions F |(=:0 = 0, Fj|i = o = 0. 
Thus we have shown that the function 

t 

u(x, t) — dM*’ _j_ f)-f j u f (x, t — x, x) dx 

o 

defined by formula (16) is a solution of the problem (14), (15). 
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We shall now establish the inequality (19). Suppose that ( X , T) 
is any point of the half-space {it > 0}. By formula (20), for any 
point ( x , t) of the cone K x , t, o and arbitrary x > 0 

| u g (x, t, t)| max | g(g, t) | < T max | g(g, r) J. (25) 

i*-i m i*-n=t 

Consequently, 


I WctKr „ ) < T max max 1 1 |) (g) | 
( x, T • (*. mK x< Tf 0 |3c-n=t 


and 

i 


T max |i|>| = 2 , ||i|)|| C( 5 , (26) 

lx-XI^T ^X, T. O' 


j u f (x, t — X, X) 


dx 


X, T. 0 




Similarly, by (23), 


l 

f (t —t) max J / (I, t) | dx 

J |*-||=t-T 

J (r-x)*-?l|/|lc <Il>r ,^ (27) 


du v 

dt 


C< - K X, T, o' 


<c 


11 C(D 


X. T. 0 


+ 2-HI Vq.[|| c _ 


X , T, 0 


(28) 


The inequality (19) follows immediately from (26)-(28). 

Note that the assumptions regarding the functions q>, i|) and / 
under which the existence of a solution of the Cauchy problem has 
been established cannot be relaxed in some definite sense. The fol¬ 
lowing example shows that the assumption <p £ C 2 (R a ) is not enough 
for the existence of a solution of the problem (14), (15). 

Suppose that the function <p depending only on | x |, <p(a:) = 
= a (| x [), belongs to C 2 (R a ). Let there exist a solution u{x, t) 
of the problem (14), (15) with this function <p(;z) and the functions 
ij; = 0 and / = 0. Then by (16) 


u < x ’*>=4-(4 sf J *(i6D^«). 

|X-SI=f 

Let | x |V= 0. Since for all points g on the sphere {| x — g | = f} t 
| g 2 | = | x | 2 + t 2 + 2 | x | t cos 0, where 0 is the angle between 
the vectors x and g — x, we have 


J «‘(iu> 


dS* 


x-£| = i 


2k n 


= i 2 j d(p { a(y r t 2 -f|x| 2 + 2|a:|i cos 0) sin 0 dQ 
o o 

+ 1 n t + |*| 

== 2n£ 2 j a(Vt 2 + \x\ 2 + 2\x\a)dX = ~ J pct(p)dp. 


H-WI 
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Therefore 

«+l*l 

2 irr J p«(p) d p) 

U-MI 

= 2]rr ((* +1 * I) a +1 x 1) — ~ I x I) a d f ~ \ x ID) 

= 21^7 (a (* +1 X I) - a (I t - I * ID) + y (a (t +1 * |) + a (| t ~ \ x ||)). 


This implies that u(0, £) = ta'(t) + <x(£), because the solution 
is continuous. And since the function u(0, £) £ C 2 (t > 0), the 
function a{\x |) must belong to C 3 (\x | > 0) which, of course, 
does not follow from the assumption that cp belongs to C 2 (R 3 ). 

Next we consider the case n = 2. We shall show that if cp(x 1? x 2 ) £ 
6 C 3 (R 2 ), tJ? (xj, x 2 ) £ C 2 (R 2 ) and the function f(x x , x 2 , t) is con¬ 
tinuous in {£^0} together with all the derivatives up to second order 
with respect to x lt x 2 , then the function u(x 1 , x 2 , t) given by Poisson's 
formula (17) is a solution of the problem (14), (15). Further , for any 
point (X, T) of the half-space {£ > 0} the inequality (19) holds. 

According to formula (10), for any x 3 


u(x u * 2 , t) =-Jj-(“ 4 sr j cp(|j ,&)dS i ) 

8 t (x u x t ,x ») 

t 

+~L J ♦(!.. !*)<«,+ if-f J /(E..S.. 

s t (x t ,x 2 ,*i) 0 S t (*,, 3C 2 ,K s ) 


£ — t) dSi, 
(IT) 


where S p (x v x 2 , x 3 ) is a sphere of radius p centred at (x x , x 2 , x 3 ): 
(x 1 — gj) 2 + (x 2 —. g 2 ) 2 + (x 3 — g 3 ) 2 = p 2 . As just now estab¬ 
lished, the function appearing in the right-hand side of the identi¬ 
ty (17') is a solution of the problem: u tt — u XlXi — u XlXl — u XlX , — 
= / (x l7 x 2 , t) in {£ > 0}, u |, =0 = (p (x v x 2 ), u t |<=o = i|> (x 1; x 2 ) 
and inequality (19) holds for it. And since the function u does not 
depend on x 3 , it is a solution of the problem (14), (15) with n — 2. 

For the case n — 1, it can be directly verified that the function 
u (x, t) defined by D'Alembert's formula (18) is a solution of the prob¬ 
lem (14), (15) if cp g C 2 (Rj), i|> 6 C 1 (R 1 ) and the function f(x, t) 
is continuous in {£ 0} together with its first derivative with respect 

to x. Further , for all points (X, T) of the half-plane {£ > 0} the fol¬ 
lowing inequality holds: 


\C(K 


X, T, 0 


<: 


f 2 


C(£, X, T. 0> ^ ^ C(D *. T. 0) 2 II ^ Hc(K 


X, T, 0 


(Kx, t, o is the triangle {£ + X — T < x < T + X — £, 0 <£< T} 
and D x , t, b = {X — T < x < X + T, £ = 0} its base). 
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When the number of space variables is greater than three (re> 3), 

[vl+ 2 

it is established, just like for the case n = 3, that if <p£C (i? n ), 
f-^J+i 

“ ( R n ) and the function / is continuous on the set {f^O} 

together with its derivatives up to order [yj + l with respect to 

x x , . . ., x n , then the function u given by the corresponding repre¬ 
sentation is a solution of the problem (14), (15). 

Theorem 3. If <p(a;) 6 C m+3 (R n ), i)3(;r) £ C m+2 (R n ) and the func¬ 
tion f(x, t) is continuous in {t > 0} together with its derivatives up 

/ 

to order m-\-2 with respect to x 1 , .. ., x n , where m= max ^ 

then there exists a solution u(x, t) of the problem (14), 
for any point (X , T) of the half-space {t > 0 } the inequality 


15). Further, 


If u Wc(K X ' Tj # > ^ C (II TII c m+ \v X ' 0 > + II ^ Hc Tn (o_ Yi T 0 > 


+ 2 110“/lie,* 

Jal^m 


C(K X, T, 0 ) 


holds with a constant C depending only on T. 

As already noted in the preceding subsection, Poisson’s formula 
in the case n — 2 or the corresponding representation in the case 
of even n > 2 implies that the value of the solution of the Cauchy 
problem (14), (15) at the point (x , t), t > 0, depends only on the 
values of the function / (in the case n > 2, also on the values of its 
derivatives with respect to the space variables) in the whole cone 
K x , t, o as well as on the values of the initial functions <p and 1(3 (and 
the values of their derivatives) on the whole base D x , t:0 of this 
cone. In the case of any odd n ^ 3 (as in the case n — 3) the value 
of the solution at the point (x, t) depends on the values of function/, 
and in the case n > 3 also on the values of its derivatives with 
respect to space variables only on the lateral surface tt 0 of the 
cone K Xt t , 0 and on the values of the initial functions cp and 1(3 and 
their derivatives only on the boundary of the base, the sphere S x , 0 , 

of the cone. 

Due to this, the cone K Xt t , 0 in the case of even number of space 
variables n ^ 2 and the conical surface u 0 in the case of odd 
n 3 are referred to as the region of dependence on the right-hand 
side of the equation of the solution of the Cauchy problem (14), (15) 
at the point (x, t). Likewise, the ball D x , t , 0 lying on the initial 
plane in the case of even n ^ 2 and the boundary, the sphere S x , t , o> 
of the ball in the case of odd nf^- 3 are known as the region of depen¬ 
dence on the initial data of the solution of the Cauchy problem at the 
point (x, t). 
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When n — 1, from D’Alembert’s formula (18) it follows that 
the solution of the Cauchy problem at the point (x, t) depends only 
on the values of the function / in the triangle K x , t , 0 » on the values 
of the initial function \p on the base of this triangle D Xtt ,o and 
on the values of function cp on the boundary of the base, the points 
(x + f, 0) and (x — t, 0). 

Suppose that for some R > 0 the initial functions cp and ip vanish 
for | x | ^ R, while the function / vanishes for | x | + t ^ R. 
Then the solution u of the Cauchy problem vanishes at all points 
(x, t) 6 {I z | ^ R + t, t^ 0}, because the cone K Xt 0 for such 
(x, t) does not have common points with the set {| a: | + t ■< R,t> 0} 
and its base D x , 0 does not have common points with the ball 

(| x | -< R, t = 0}. (Even when / vanishes only for | x | R + t, 

this assertion remains valid.) 

In the case of even number of space variables the set {\x \^R + it, 
t 0} is, generally speaking, maximal possible set where u = 0. 
For instance, with n — 2, if the function ip is taken positive in the 
disc {| x | •< /?} and the functions cp and / vanish, then it follows 
from Poisson’s formula that u(x, t) > 0 for all (x, t) £ {| x | <C 
< R + t, t> 0}. 

When the number of space variables is odd, n 3, the function 
u(x, t) vanishes not only on the set (| x \ ^ R + t, t 0} but 

also on the set {| a: | £ — R, t%- R), because for (x, t) £ 

6 {| a: | < t — R, R} the conical surface T*. ti 0 does not have 
common points with the set {|xi+ £</?, £>0} while the bound¬ 
ary of the base S x , t , 0 does not have common points with the ball 
{| x | < R, t = 0). The set G = {| x | R + t, t 0} [J 
U (I* I ^ t — R, t ^ R} is, generally speaking, the maximal 
possible set where u — 0. For instance, with n = 3, if the function 
ip (a) > 0 for | x |. •< R and the functions cp and / vanish, then 
from Kirchhoff’s formula it follows that u(x, t) > 0 on the region 
{| | x | — t | < R, t > 0}, the complement of G. 

If the right-hand side f(x, t) of the equation (14) is defined not 
in the whole half-space {£ > 0} but only in the strip (0 < t < T } = 
= n T for some T > 0, then we consider the Cauchy problem for 
Eq. (14) in the strip II r . 

A function u{x, t) belonging to C 2 (0 <; t < T) f| C^O ^ t < T) 
is called the solution of the Cauchy problem, (14), (15) in the strip ll r 
if for all points ( x , t) £ II T it satisfies Eq. (14) and for t = 0 the 
initial conditions (15). For the Cauchy problem in a strip there are, 
of course, existence and uniqueness theorems, analogous to corre¬ 
sponding theorems concerning the Cauchy problem in a half-space. 
The Cauchy problem in the strip II T cannot have more than one 
solution and in the case of n = 3, for instance, in order that the 
Cauchy problem in the strip n r may have a solution it is sufficient 
that cp 6 C 3 (R 3 ), \p 6 C 2 (R 3 ) and the function / be continuous in 
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{0 t < T) together with all its derivatives up to second order 
with respect to the variables x x , x 2 , x 3 . Moreover, the solution of the 
problem is represented in I1 T by Kirchhoff’s formula. 

Apart from considering the Cauchy problem in the half-space 
{f > 0}, we may also study the Cauchy problem in the half-spaces 
{£ > t 0 } or {£ < £°) for any t°. A function u (x, t) belonging to the 
space C 2 (t > t°) fl C 1 (t >- t°) is called the solution of the Cauchy 
problem in the half-space {t > t 0 } for the wave equation if in {£ > t 0 } 
it satisfies the equation □ u = f and for t = t° the initial conditions 
u| t==( ° = tp, Ut|<=t» = \|). Exactly similar is the definition of the solu¬ 
tion of the Cauchy problem in the half-space {t < Z 0 }. The Cauchy 
problem in the half-space {t > i 0 } reduces to a Cauchy problem 
in the half-space (f > 0} by changing t to t — t°. Similarly, the 
Cauchy problem in the half-space {£ < t 0 } transforms to a Cauchy 
problem in the half-space {t > 0} by replacing t by t° — t. If one 
changes t to tla (a is a positive constant), the Cauchy problem in 

the half-space {t > 0} for the equation — r u tt — Au — f is trans¬ 
formed to the Cauchy problem (14), (15). 

Let D be an n-dimensional region in the plane {t — 0}, and 
let the region Q lying in the half-space {t > 0} be formed of the 
points (x, t) which are vertices of cones K x , 0 whose bases (balls 

Dx.t, o) lie i Q D. If, in particular, D is the ball {| x — x® \ < R}, 
then the region Q is the cone K x \ n, ol if D is the cube (| x t — x\ | < 
< a, i = 1 , . . ., n}, then Q is a pyramid whose base is this cube 
and vertex is at the point (x°, a); if D is the entire plane {t = 0}, 
Q is the half-space {t > 0). 

A function u(x, t) belonging to C 2 (Q) fl C 1 (Q U D) is called 
the solution of the Cauchy problem in Q for the wave equation if it 
satisfies in Q the equation (Hit = / and for t = 0, x £ D, the initial 
conditions u\ t =o = <Pi u t \t=o— iJl 

Theorem 1 of the preceding subsection immediately yields a 
uniqueness theorem for the Cauchy problem in Q: the Cauchy prob¬ 
lem in Q cannot have more than one solution. 

It is easily seen that the existence theorem, Theorem 3, is also 
valid for the case under consideration. For instance, with n = 3, 
a solution of the Cauchy problem in Q exists provided <p 6 C 3 (D), 
i); £ C 2 ( D) and the function / is continuous in Q (J D together with 
its derivatives up to second order with respect to space variables. 
The solution u ( x , t) is given by Kirchhoff’s formula (16). 

Note that the solution of the Cauchy problem (14), (15) in the 
half-space {t > 0} in Q coincides with the solution of the Cauchy 
problem in Q for Eq. (14) with initial functions <p and considered 
only on D. 
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§ 2. MIXED PROBLEMS 

1. Uniqueness of the Solution. Let D be a bounded region of the 
n-dimensional space R n ( x = (x x , ... x n ) is a point in this space). 
In the (n + l)-dimensional space i?„+i = R n X {—oo «< t <Z +oo} 
we consider a bounded cylinder Q T — {x £ D, 0 <Z t <Z T} of 
height T > 0. We denote by T r the lateral surface {x £ dD, 
0 < t < T) of the cylinder Q T and by D x its intersection {x (E D, 
t — t) with the plane t — x; in particular, the top of Q T is D T = 
= {x £D, t — T), while its base is D 0 — {x £D, t — 0}. 

In the cylinder Q T with T > 0, we examine the hyperbolic equa¬ 
tion 

Xu = u t t — div ( k(x ) Vw) + a(x) u =/ (x, t), (1) 

where k(x) £ C\D), a(x) 6 C(D ), k(x) k 0 = const > 0. 

A function u (x, t) belonging to the space C 2 (Q T ) f| C 1 (Q T U 
u r T U Do) satisfies in Q T Eq. (1), onfi 0 the initial conditions 

u |i =0 = 9, (2) 

Wt|t=o--=i|5, (3) 

and on P r one of the boundary conditions 

u \r T — X 

or 



where a, a function continuous on T t , is called ( classical ) solution 
of the first or, correspondingly, the third mixed problem for Eq. (1). 

If o = 0 on T t , the third mixed problem is known as the second 
mixed problem. 

Since the case of nonhomogeneous boundary conditions is easily 
reduced to that of homogeneous boundary conditions, further consid¬ 
eration will be confined to the homogeneous boundary conditions 

“lr r = 0 (4) 

and 

(•£+<’“)|r I =0- (5) 

We shall assume that the coefficient a{x) in Eq. (1) is nonnegative 
in Q t , while the function o in the boundary condition (5) depends 
only 0111,0 = o(z), and is nonnegative on r r . 

Suppose that the function u(x, t) is a solution of either of the 
problems (l)-(4) or (1), (2), (3), (5), where the right-hand side f(x, t) 
of Eq. (1) belongs to L 2 (Q T ). Take any 6, 0 < 8 < T. Multiply (1) 
by a function v(x, t) belonging to C 1 (Q T _a) and satisfying the 
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condition 

v K_ 6 = 0 (6) 

and integrate the resulting identity over the cylinder] Q r _ 6 . 
Since u tt v = ( u t v) t — u t v t and v div (ks/u) — div (kvS/u) — kS7uS?v, 
we obtain by Ostrogradskii’s formula, taking into account the 
initial condition (3) and condition (6), 


| fv dx dt 
Qt-6 


j ( (u t v) t — div (kvVu)) dx dt 
r-6 

-f- \ (k^uS/v-f-auv — u t vt)dxdt 

Q T-6 

= j u t v dx —j u t v dx — ^ k-^-vdSdt 


J T- 6 


1 r-6 


-j- j (kS7uVv -j- auv — u t v t )dxdt =— j \\>v dx 

®T-b ^ 0 


f k v -^dSdt+ j (kVuS/v-{-auv — u t vt)dxdt. 


T-6 


Qt-6 


( 7 ) 


If u(x, t) is a solution of the third (or second) mixed problem, the 
last identity shows, in view of (5), that u(x, t) satisfies the integral 
identity 

\ (fcVnVu -f- auv — u t v t )dxdt-{- 1 kauv dS dt 

4-6 r T -& 

= j fvdxdt -f ^ i |w dx 
Qt-6 7>o 

for all v(x, t) 6 C 1 (Q T s) for which (6) holds, and therefore also 
for all v(x, t) 6 H 1 (@ r _ 6 ) satisfying the condition (6). 

When the function u(x, t) is a solution of the first mixed prob¬ 
lem, we additionally assume that v(x, t) satisfies the condition 

v lr T _ 6 = 0. (8) 

Then (7) shows that u(x, t) satisfies the integral identity 


\ ( k¥uVv-\-auv — 
Q r _ 6 


u t vt) dx dt — j ij Jvdx~h 

Do 



fv dx dt 


for all v 6 H X {Q r _ 6 ) satisfying conditions (6) and (8). 

By means of the above identities we can introduce the notion of 
generalized solutions of the mixed problems in question. We shall 
assume that f(x, t) £ L 2 (Q T ) and i])(x) 6 L 2 (D). 
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A function u belonging to the space IPiQr) is called the general¬ 
ized solution in Q T of the first mixed problem (l)-(4) if it satisfies 
the initial condition (2), the boundary condition (4) and the identity 

^ (kVu'Vv J rauv — u t v t )dxdt = f §vdx-\- j fvdxdt (9) 
Qp D n Qj, 

for all v £ H 1 (Q T ) which satisfy the condition (4) and the condition 

v \d t = 0 . ( 10 ) 

A function u belonging to H 1 (Q T ) is known as the generalized 
solution in Q T of the third (second if a = 0) mixed problem (1), (2), 
(3), (5) if it satisfies the initial condition (2) and the identity 

^ ( kS/uVv-\-auv — u t v t ) dx dt -j- j kauvdSdt 
q t r j 

= ^ i\>vdx-\- j fvdxdt (11) 
D 0 Q>p 

for all v £ H 1 ( Q T ) for which condition (10) is fulfilled. 

Note that the generalized solutions, like the classical solutions, 
have the following property. If u is a generalized solution of the 
problem (l)-(4) or of (1), (2), (3), (5) in the cylinder Q T , then it is also 
a generalized solution of the corresponding problem in the cylinder Q r - 
for any T’ < T. 

Indeed, if u is a generalized solution in Q T of any of the above 
problems, then for any T' < T, w £ WiQj"), in the case of the 
first mixed problem u |r T , = 0, and for it the corresponding integral 
identity holds for all v belonging to H^Qt) and satisfying the condi¬ 
tion v\d t — 0, and in the case of the first mixed problem also the 
condition u|r r = 0. 

It can be directly verified that if the function v belongs to 
v \d t > = 0 and v — 0 in Qt\Qt', then v 6 H\Qt) and v\ Dt = 0, 
and if, in addition, u| rr , = 0, then v\r T — 0 also. Thus the func¬ 
tion u satisfies the integral identity defining the generalized solution 
of the corresponding mixed problem in Q T -. 

We also note that the notion of a generalized solution of the mixed 
problem has been introduced as a generalization of the notion of 
a classical solution (with / £ L 2 ( Q T )), and the following assertion 
has been established: the classical solution in Q r of each of the prob¬ 
lems (l)-(4) and (1), (2), (3), (5) with f 6 L 2 (Q T ) is a generalized solu¬ 
tion of this problem in Q T -c, for any 8 £ (0, T). 

Apart from the classical and generalized solutions of mixed prob¬ 
lems, we can also introduce the idea of an almost everywhere solu¬ 
tion (a.e. solution). A function u is designated as an a.e. solution of 
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the mixed problem (l)-(4) or the third (second if a = 0) mixed problem 
(1), (2), (3), (5) if it belongs to H 2 {Q T ), satisfies Eq. (1) in Q T 
(for almost all (x, t) 6 Q T ) and the initial conditions (2) and (3) as 
well as one of the boundary conditions (4) or (5), respectively. 

From this definition it immediately follows that if the classical 
solution of the problem (l)-(4) or (1), (2), (3), (5) belongs to the 
space H 2 (Q T ), it is also an a.e. solution of the corresponding problem. 
What is more, if an a.e. solution of the problem (l)-(4) (or the prob¬ 
lem (1), (2), (3), (5)) belongs to C 2 (Q T ) f| C 1 {Q T (J r T (J D 0 ), it is 
also a classical solution of this problem (the function u tt — div ( kyu ) -f- 
+ au — / is continuous and equal to zero a.e. in Q T \ accordingly, 
it vanishes everywhere in Q T ). 

As shown above, a classical solution of the first or third (second) 
mixed problem for Eq. (1) in Q T with f £ L 2 (Q T ) is a generalized 
solution of the corresponding problem in Q T -(, for any 8 £ (0, T). 
It can be similarly proved that an a.e. solution of the first or third 
(second) mixed problem for Eq. (1) in Q T is a generalized solution of 
the corresponding problem in Q T . 

The following assertion also holds which is, in a definite sense, 
a converse of the above result. 

Lemma 1 . If a generalized solution of the problem (l)-(4) or the 
problem (1), (2), (3), (5) belongs to the space H 2 (Q T ), it is an a.e. solu¬ 
tion of the corresponding problem. If the generalized solution of the 
problem (l)-(4) or (1), (2), (3), (5) belongs to C 2 (Q T ) f) C 1 (Qt U 
u r T U D 0 ), then it is a classical solution of the corresponding 
problem. 

Proof. Both the assertions of the lemma will be proved simulta¬ 
neously. 

Let the generalized solution of the problem (l)-(4) or (1), (2), (3), 

(5) belong to H 2 (Q T ) (or to C 2 (Q T ) f| ^ x (<?r U IV U &<>))• Then 
to prove the lemma, it suffices to establish that in Q T the function u 
satisfies Eq. (1), on D 0 the initial condition (3), and, in case of the 
third (second) mixed problem, also the boundary condition (5) 
on Ty. 

Taking an arbitrary function v £ C 1 (Q T ), we transform (9) or, 
correspondingly, (11) by means of Ostrogradskii’s formula in the 
following manner 

^ (— div (kVu) + au + ut t — f)vdxdt = 0. 
q t 

If u 6 H 2 (Q t ), then — div (k^u) + au u tt — f £ L 2 (Q T ) and 

since the set C 1 ( Q T ) is everywhere dense in L 2 ( Q T ), the function u 
satisfies Eq. (1) a.e. in Q T . 
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When u £ C 2 (Q T ) f| C\Q T (J T r (J D 0 ), then —div (k V«) + 
+ au + u tt — / £ Z 2 ( Q ') for any subregion Q' (gz Q\ since the set 

of functions C 1 (Q T ) is everywhere dense in L 2 (Q’) and Q' is arbi¬ 
trary, we find that u satisfies Eq. (1) in Q T . (Since the function 
—div (fcVw) + au + u tt is continuous in Q T , so is the function /, 
that is, the function u satisfies Eq. (1) everywhere.) 

Consider a function v belonging to C 1 (Q T - s) for certain 8 6 (0, T) 
and satisfying conditions (6) and (8). II u £ H 2 ( Q T ), we use Ostro- 
gradskii’s formula to obtain from (9) or, correspondingly, from (11) 

f ( u t — \|>) v dx = 0. 


This identity is true also when u £ C 2 (Q T ) f| C 1 (Q T |J T r (J D 0 ), 
because in this case —div ( kS7u ) + u tt = / — au £ Li(Q t ) and 

u 6 C 1 (<? T _ S ). Since corresponding to any g in C 1 (Z) 0 ) (the set 
of such functions is everywhere dense in L 2 (D 0 )) we can construct 
a function v belonging to C 1 (Q T ^) and satisfying conditions (6), 
(8) as well as the condition v\ Da = g, the function u satisfies the 
initial condition (3). 

We now take any function v £ C 1 (<? r _ 6 ), 6 6 (0, T), satisfying 
the condition (6). Then (11) yields 

f k v(~ + ou)dS dt--=0. 

r r-6 

But for any continuously differentiable function g with compact 
support on T r (the set of such functions is everywhere dense in L 2 (T t )) 
we can find a 6 6 (0, T) and a function v £ C 1 «? r _ 6 ) satisfying condi¬ 
tion (6) as well as the condition f|r r 6 = glk. So ( + au ) | r = 0- I 

We shall now prove the following uniqueness theorem. 

Theorem 1. Each of the problems (l)-(4) and (1), (2), (3), (5) cannot 
have more than one generalized solution. 

Proof. Let u be the generalized solution of the problem (l)-(4) 
or (1), (2), (3), (5) with / = 0 in Q T and cp = 0, v|3 = 0 on D 0 . We 
shall demonstrate that u = 0 in Q r . 

Take an arbitrary t £ (0, T) and consider the function 


v(x. 


t) = 


X 

j u ( x , 0) d0, 

t 


0, 


0 < i < t, 
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It can be directly checked that in Q T the function v has generalized 
derivatives 


and 


v t 


Vx , = \ 


f ~ U ' 

( 0, 


— u, o <a t <[ t , 
T <t<T, 


j u x . ( X , 0) dQ, 0 < t < t , 

i 

0, t < t <7 1 . 


Consequently, v(x, t) £ H^Qj). Moreover, v\d t — 0, and when u 
is a generalized solution of the first mixed problem, v | r = 0. 

We substitute v in identity (9) if u is the generalized solution of 
the problem (l)-(4), or in (11) if u is the generalized solution of the 
problem (1), (2), (3), (5). Then 

T 

j [k\7u j S/udQ — avv t ~i-u t u^ dx dt == 0 
Q t ‘ 

in the case of the first mixed problem, or 

X 

j j V^d0— avvi-\-u t u ^ dxdt 

Qx * 

X 

+ j kau{x, t) j u(x, Q)dQdSdt=0 

r x 1 

in the case of the third (second) mixed problem. (Recall that in 
Qx v t — — u £ and consequently p t |r £ L 2 (r t ).) Since 

X 

j k (x) Vu (x , t) j Vu ( x , 0) dQ dt dx 

b * 

X X 

= j k(x) j yu(x, £)[^j V«(x, Q)dQ^dtdx 

D 0 t 

X 0 

— f k (x) ^ ( x, 0) dQ f Vw (x, t) dt dx 

DO 0 

x x 

= j k (x) J (x, 0) dQ | ( x , t) dt dx 


19-0594 
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b b 

— j k(x) j Vw(#, 0)d0 j Vu(x, t)dtdx 
d o e 

X T 

= j k (x) j Vu (x, t) dt | 2 dx — j k (x) (.£, t) j sju (x, 0) dQ dt da 


D 0 


it follows that 


X X 

f k(x)^7u(x, t) jvu(a;, Q)dQdtdx — ~ j /c (a:) j j Vu(x, t)df| 2 dx. 

Q t t D O 


Similarly, 


b 

| kau (x, t) J u (x, 0) dQ dS dt 

r T * 

X X 

= ^ ka ( j u (x, t)dt) 2 dS~$ kau (x, t) j u (x, 0) dQ dS dt 


dD o 


yields 


T. T 

j kau (x, t) j u(x, 0) dQdS dt — j to ( j u (x, t) di j 2 dS. 


dD o 


Furthermore, 


Then 


f avvtdxdt— — j av 2 dx — J avtvdxdt. 
Q t d, q t 

j awt dxdt— — y j avi d x ■ 


Analogously, 


j uu t dxdt~Y j u 2 dx. 


Consequently, if u is a solution of the first mixed problem, then 

T 

j fc(x)| j Vu(x, t)dt 2 dx+ j av 2 dx-\- j u 2 dx = 0 


D 0 
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and, if u is a solution of the third (second) mixed problem, then 


l 

j k (x) j ^ Vu (x, t) dt 2 dx + j av 2 dx + ( u 2 dx 

D 0 Do 

x 

4- j ka ( j u (x, t) dt ^ 2 dS = 0. 


Since k(x)> 0, a (x) 0 in Q T and o(x) 0 on r T , these iden. 

tities imply that j u 2 da r = 0. Since r is an arbitrary number in 

D x 

the interval (0, T), u — 0 in Q T . | 

As shown above, the classical solutions of the problems (l)-(4) 
and (1), (2), (3), (5) are also generalized solutions of these problems 

in Qt-c, for any 8 6 (0, T). Therefore Theorem 1 at once gives the 

following result. 

Corollary 1. Each of the problem. (l)-(4) and (1), (2), (3), (5) cannot 
have more than one classical solution. 

Since a.e. solutions of the problems (l)-(4) and (l)-(3), (5) are 

also generalized solutions of these problems, from Theorem 1 we 

also have the following result. 

Corollary 2. Each of the problem (l)-(4) and (1), (2), (3), (5) cannot 
have more than one a.e. solution. 

2. Existence of a Generalized Solution. We shall now establish 
the existence of solutions of the problems (l)-(4) and (1), (2), (3), (5). 
For this we make use of the Fourier method , according to which the 
solution of the mixed problem is sought in the form of a series in 
terms of eigenfunctions of the corresponding elliptic boundary- 
value problem. 

Let v(x) be the generalized eigenfunction of the first boundary- 
value problem 

div (kS7v) — av — hv , x£D , 

1>|9D = 0 (12) 

or the third (second if a = 0) boundary-value problem 
di v (kVv) — av = kv, x£D, 

(-r-+ to )U=° < 13 > 

(A, is the corresponding eigenvalue). This means that in the case 
of the first boundary-value problem v £ H X (D) and for all t] £ H^D) 

j (A)VtA7'n + ai>i'i)da; + A. j vi)dx = 0, (14) 

D D 

19* 
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while in the case of the third (second) boundary-value problem 
v 6 H\D) and for all tj 6 H X (D) 

j (A:VfVfi + aur\) dx + J kovr]dS j vf]dx = 0. (15) 

D dD D 

Consider the orthonormal system v x , v 2 , . . . in L 2 (D) of all 
the generalized eigenfunctions of the problem (12) or correspondingly 
the problem (13); k 2 , . . . is the sequence of corresponding eigen¬ 

values (as usual, the sequence of eigenvalues is assumed nonincreas¬ 
ing and each eigenvalue is repeated according to its multiplicity). 
As demonstrated in Sec. 1, Chap. IV, the system v x , v 2 , . . . consti¬ 
tutes an orthonormal basis for L 2 (D) and X h —oo as k-*~ oo. 
For the first, third, with 0 on dD, and second, with a 0 in D, 
boundary-value problems (recall that k(x) ^ k 0 > 0, a(x) 0 in 
D and o(x) ^-0 on dD) the first eigenvalue «< 0, that is, 0 > 
> ;> % 2 . . .. If a(x) == 0 in D, then for the second boundary- 

value problem 0 = > k 2 .... 

Assume that the initial functions q>(;r) and \j>(x) in (2) and (3) 
belong to L 2 (D) and the function f(x, t) 6 L 2 (Q T ). According to 
Fubini’s theorem, f{x , t) 6 L 2 (D) for almost all t £ (0, T). We 
expand the functions cp(a:) and vf>(.r) and for almost all t 6 (0, T) 
the function f(x , t) in Fourier series in terms of the system v x (x), 
v 2 {x), ... of generalized eigenfunctions of the problem (12) if the 
problem (l)-(4) is under consideration, or of the problem (13) if we 
consider the problem (1), (2), (3), (5): 

oo oo oo 

<p(*)= 2 #0 = 2 'IV'ftOO. /(*. 0=2 fh(t)v h (x), 

h=I h—l fc=i 

(16) 

where <p fc = (<p, v k )l,(D), =(^. v h )L t {D > and f h (t) -- | f(x, t) v k (x)dx, 

D 

k — l, 2, .... Since | /*(£) | 2 ^ ^ f z (x,t)dx- j v%dx—^ f 2 (x, t)dx , 

D D D 

we see that f h (t) £ L 2 (0, T), k 1, 2, .... According to the 
Parseval-Steklov equality, 

2 <Ph = |l<P||i. s (D), 2 'I’fe = II'HlLu» ( 17 ) 

fc=l k= 1 

and for almost all t£ (0, T) 

oo 

2 /h(o = \ f 2 ( x > o dx - 

h=l D 
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Hence 



dt = 


| f 2 dxdt. 
q t 


(17') 


For the initial functions in (2) and (3) we first take the functions 
<Pk v k( x ) and the /cth “harmonics” of the series (16), while 

for the function appearing on the right side of Eq. (1) we take the 
function f k (t) v k (x ), k ^ 1. Consider the function 

u h (x, t) = U h (t) v k {x), (18) 

where 


U h (t) = <.PftCos V~Kt + -:/^= sin V — K t 

t 

/ ft ( t) sin V — l h (t — x)dT, (19) 

when X x = 0, 

i 

Ui(t) = <Pl + Vi (9 + j /i(*)(f —T)dx 
0 

= lim ( q>- cos V — t -\ -sin V — t 

x,-o ' V — hi 

t 

+ Y~rr 1 /i( T )sin V"—Xi(f —x)dx). 

Clearly, the function U k (t) belongs to H 2 ( 0, T), satisfies for t = 0 
the initial conditions U h ( 0) = cp ft , U' h (0) = and for almost 
all t 6 (0, T) is a solution of the equation 

U'k - KU h =f k , k = 1,2,.. .. (20) 

We shall show that if v k (x) and A ft are the generalized eigenfunc¬ 
tion and corresponding eigenvalue of the problem (12) (or of (13)), 
then the function u k (x, t) is a generalized solution of the first (re¬ 
spectively, of the third or second) mixed problem for the equation 

u it — div ( k(x ) yu) + au = f h (t) v h (x) 

with the initial conditions 


1_ r 

V -x fc J 


U |f=o = <Pfci>*(*). M(li=o = cp ft u ft (:r). 

Indeed, the function u h (x, t) £ H 1 {Q T ), satisfies on D 0 the initial 
condition (2) and, in the case of the first mixed problem, the bounda¬ 
ry condition (4). Let us show that in the case of the first mixed prob- 
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lem the function u k (x, t) satisfies the integral identity 


Q t 


au h v — u ht vt) dxdt 


= j Vh (*) v dx + j f h (t) Vh(x) v dx dt 


(9ft) 


for all functions v belonging to the space H l (Q T ) and satisfying 
conditions (4) and (10), and, in the case of the second and third 
mixed problems, the identity 


j (&VMftVu + 0Wfty — u M vt)dxdt-\- j kou h vdS dt 

= fft J V h (x)vdx+ j f h (t)v h (x)vdxdt (11*) 


for all v 6 H 1 {Qt) and satisfying condition (10). Obviously, it is 
enough to establish the validity of identities (9*) and (11*) for all 
the functions v continuously differentiable in Q T and satisfying 
conditions (4) and (10) and condition (10), respectively. 

In view of (10), (18) and (19), 


i 

f u ki v t dxdt =j v h (x) [ ^ U' h (t)v t dt J dx 
q t do 

t 

= j V h {x) [ — (x, 0) — | U’t, ( t) V dt J dx 

D 0 

= — fft I V h (x)v{x, 0)dx — Aft f U h vdxdt— j fh(t)v h (x)v 

D Q/p Qip 


dx dt. 


Therefore for the first mixed problem the identity (9 ft ) follows from 
(14)4 

f (feVUfcVu -j-au h v — u ht v t )dxdt 


— j ^ dt j (k(x) VvkVv -f- dv^v -f- hkVh,v) dx 

0 D 

+ ^ft j v h (x)v(x, 0) dx+ j f h {t)v k (x)vdxdt 
d q t 

= f ft j V h (x) v(x, 0) dx + j f h (t) v k (x) V dx dt. 
D Q t 
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Analogously, in the case of the third (second) mixed problem the 
Identity (lift) follows from (15)3 

j ( k(x ) VUftVy -f- au b.v — Wft*i; t ) dx dt + j k(x) au h v dS dt 
Qji r j, 

T 

= | U h (t)dt £ j (k(x)VvhVv + avhV + k h v k v)dx-\- j k{x)avhvdS J 

0 D 6D 

+ 9ft j V h (x) v(x, 0) dx + j /ft(f) v h (x) vdx dt 
D Q t 

= 9ft j K(z) v(x, 0) dx + j f k (t) v h (x) vdxdt. 
d Qt 

If we take for initial functions in (2) and (3) the partial sums 

N N 

2 9 kVh( x ) and 2 °f series (16) for some N and for / in (1) 

h=l ft=l 

N 

the partial sum 2 /h(0 v h (x) of Jits Fourier series, then a general- 

ft=i 

ized solution of the problem (l)-(4) ((1), (2), (3), (5)) will be the 
function 

IV N 

S N {x, t) = 2 u k {x, t) = 2 u h(t) V h (x) 

*-=1 

In particular, in the case of the first mixed problem this function 
satisfies the identity 


^ (k^Sfj^v*^(iS2fV — SjftVt)dxdt 


N 


N 


= j 2 »(*. tydx + j 2 fh{t)v h {x)v{x, t)dxdt (21) 

~' ‘ Q r h=1 


D ft=i 


for all v 6 H 1 (Q T ) satisfying conditions (4) and (10), while in the 
case of the third (second) mixed problem the identity 

^ (k^StfWv “f* ciS^v — SpjfVt) dx dt ~j~ j koSj^vdSdt 

Qj> Fy 

N N 

= j 2 'l Wk(x)v(x, 0)da: + j 2 fk(t) v h (x) vdxdt (22) 

D ft=l Q t h=l 

for all v £ H 1 (Q T ) satisfying condition (10). 
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Thus it is natural to expect that under certain assumptions regard¬ 
ing <p, ip and / the solution of the problem (l)-(4) ((1), (2), (3), (5)) 
may be represented by a series of the form 

oo 

u{x, t)m ]>j U h (t)v h {x), (23) 

h=l 

where v x , v 2 , . . . are generalized eigenfunctions of the problem (12) 
(respectively, of (13)). 

Theorem 2. Let f 6 L 2 (Q T ), ip £ L 2 (D) and cp £ H\D) in the 
case of the first mixed problem (l)-(4) while cp 6 H\D) in the case 
of the third (second) mixed problem (1), (2), (3), (5). Then the general¬ 
ized solution u of the respective problem exists and is represented by 
series (23) which converges in H 1 (Q T ). Moreover, the following in¬ 
equality holds: 

II u I|h‘(Q t ) < c (II <P IIh'(D) + |H>||l,(d) +11 f H^(Q r ))» ( 24 ) 

where the positive constant C does not depend on <p, ip or f. 

Proof. From formula (19) it follows that for all t £ [0, T] 

T 

I u h (<)| < |(p ft | + |iph ||?th|- 1/2 + |^|- 1/2 j \h(t)\dt for k> 1 

o 

and 

T 

I +i {l) | ^ | 9i I + I 'Ih I + C* j | h (0 I dt 

o 


(for the second mixed problem with a == 0 C y — T and in the re¬ 
maining cases C x — 1/j/1 X i|). Therefore for all t £ [0, T\ 

T 

Ul(t)^ 3<pI + 3iph | X h r + 3|X fe r ( \\h\dt) 2 

0 




x 

(7(7’)(<Pl + 'Pl|^r 1 + IM" 1 J f h dt) for &> 1, (25) 


*7?(*)<C , (7')(<Pi + l>i+ \f\dt). (25') 


For any k, k = 1, 2, 


dU h 


dt 


< 


X 

I Tft 11 l 1/2 + + j I /ft I dt, so 
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for all t £ [0, T] 


dU h 


dt 


x 

<C(T) (cp!|X ft | + |iM 2 + J fUt). (26) 


Since the function (p belongs to H\D) in the case of the first 
mixed problem (to ID{D) in the case of the third mixed problem), 
it follows from Theorem 3, Sec. 1.3, Chap. IV, that its Fourier series 
(16) in terms of the eigenfunctions of the problem (12) (or of (13), 
respectively) converges to it in the norm of the space H X (D). Further, 

o 

there exists a constant C > 0 such that for all cp in H\D) (or in 
H^D), respectively) 


2j | K I <^111911^1(0)- 


fc=i 


N 


(27) 


the 


Consider the partial sum S N {x, *) = 2J U h (t) v h {x) of 

h=l 

series (23). For each t 6 (0, T ] this series and its derivative with 
respect to t (according to Theorem 3, Sec. 6.2, Chap. Ill, the func¬ 
tions U k (t) and Uk(t), k = 1, 2, . . ., are continuous on [0, T]) 

belong to H\D t ) (or to H\D t )). 

In investigating the problem (l)-(4) it is convenient to define 

o 

in the space H\D t ) the scalar product 


j (/cVuVu + auv) dx. 


In investigating the problem (1), (2), (3), (5) we introduce in the 
space H l (D t ) the scalar product 


j (kWuVv -f- auv) dx-\- j kauv dS 

D, dD, 


if either a =£ 0 in D or a 0 on dD , and the scalar product 

f (k'Vu'Vv -\-uv) dx 


if a = 0 in D and a = 0 on dD. Since in the case of the first and 
third, with o =?k 0, mixed problems and in the case of the second 
mixed problem, with a ^k 0, the system of functions vj ^— 
v 2 l V —k 2 , ... is orthonormal in corresponding scalar products, 
and in the case of the second mixed problem, with a == 0, the system 
of functions vj/i — k., u 2 /^l — k 2l ... is orthonormal, then 
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Hl(D t ) 


for all t 6 [0, T 1 and arbitrary M and N, 1 ^ M < N, we have 
by (25), 

N 

II S N (X, t) — S M (x, t) \[ 2 HHD t ) = 2 U *(*) V k( X ) | ■ 

fe=M+l 

N N 

= 2 c^WI^KC(r) 2 (til **!+$+ 

h—M+l k—M+i 

if either a^kO in D or a#0 on dD, and 

N 

|| S N (x, t) — S M (x, t) ||Hl(D t )= 2 Xft) 


< 


1 + I X 2 | 

I ^2 I 


h=M +1 
N 


C (T) 2 (<p!(l + I A*|) + ti + J fldt) 


h—M+i 

if as= 0 in Z)'and a==0 on dD. Thus in all cases 


II £>N_(X, t) — S M (X, t) ||h 1 (Dj) 


N T 

<C 2 2 (ti(l+l^l) + ti+J fldt) (28) 

h—M+l 0 

for all ££[0, T\. Similarly, by (26) for all t£[0, T\ 

N 1 V 


dSff 

dS M 

2 

dt 

at 



2 ««)■>,(*) = 2 «'(*) 


h=M +1 * h=M+1 

N T 

■^C 3 2 (ti | ^-fe I + ti + f f\dt\. (28') 

h=M+l 0 

Apart from these inequalities, there are also the inequalities 

N 


|| $N (*» *) IIhHDj) = 2 Uh W Vh W 


h=i 


2 

\HHD t ) 


dS N 


dt 


2 

L,(D t )' 


N 


N T 

■CC 4 2 (<Pft(l +| |) + ti + | fh dt} , 

N 


(29) 


h=l 


2 U' h {t) v k (x) L2(d<) = 2 U’ h \t) 


h=i 


ft=i 


N T 

<C.2 (ti(l*jJ + l> + ti + jrt*), (29') 


fc=l 


valid for all t 6 10, T] and any N >- 1. 
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Integrating inequalities (28) and (28') with respect to t £ (0, T) 
and adding them, we obtain the inequality 

II S N (x, t) — S M (x , t ) ||hi(q t ) 

N T 

<C 6 2 (<pl(l + M + W+\ fldt). (30) 

ft=M+1 0 


By (17), (17') and (27), the series 2 (1 + I K l)i 2 ^ and 


A=1 


h=i 


2 \ fl dt converge. Therefore it follows from (30) that the series (23) 

h= 1 0 

converges in H^Qj) and accordingly its sum u 6 H 1 (Q r ). The 
function u{x, t) obviously satisfies the initial condition (2) and in 
the case of the first mixed problem the boundary condition (4). 
Passing to the limit, as N -+■ oo, in the identity (21) for the prob¬ 
lem (l)-(4) or in (22) for the problem (1), (2), (3), (5), we find that u 
satisfies the identity (9) or (11), respectively. Thus u is a generalized 
solution of the first or third mixed problem, respectively. Integrating 
the inequalities (29) and (29') with respect to t 6 (0, T), adding 
them and noting (17), (17') and (27), we obtain the inequality (24). | 
3. The Galerkin Method. It is possible to give alternative proofs of 
the existence of generalized solutions of mixed problems that are 
independent of the proofs of Subsec. 2 and do not use the properties 
of eigenfunctions. The present subsection is devoted to one of such 
methods, the Galerkin method, which is simultaneously an approx¬ 
imate method for solving mixed problems. Note that in contrast 
to the Fourier method, the Galerkin method enables us to investi¬ 
gate mixed problems in the case when the coefficients depend not 
only on space variables x but also on time t. For the sake of defi¬ 
niteness, we examine the first mixed problem (l)-(4). As above, it is 

assumed that cp £ H l (D ), i|) £ L 2 (D), f £ L 2 {Q T ). 

The Galerkin method is now set forth. 

Let v x (x), v 2 (x), ... be an arbitrary system of functions in 
C 2 (D) satisfying the boundary condition v h \ aD = 0, k = 1, 2, . . ., 

o 

and let this system be linearly independent and complete in H 1 (D) y 
that is, the linear manifold spanned by this system is everywhere 

o 

dense in IPiD). For an arbitrary integer m in the finite-dimensional 
subspace V m of the space L t (D) spanned by the functions v h , k — 
= 1 , . . ., to we seek a solution of the problem obtained from the 
problem (l)-(4) by orthogonal projection onto this subspace, that is, 
we look for a function w m {x, t) (in IP(Q T )) that belongs to V m 
for every i ^ [0, T], satisfies conditions (2), (3) with initial functions 
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<p m (x) = 2 ( Ph v h ( x )< '■\ >m ( x ) = '1 ' J k v k( x ) which are the orthog- 

k=i h=l 

onal projections onto V m of the functions (p(x) and i|)(x), respec¬ 
tively, and such that for almost all t 6 (0, T) the orthogonal projec¬ 
tions onto V m (in L 2 (D) with a scalar product) of functions f(x , t) 
and w m tt — div (k Vw m ) + m coincide. This means that we try 
to find functions Cj(t), . . c m (t) (belonging to H 2 ( 0, T)) satis¬ 
fying the conditions c h (0 ) = tp k , (0) = it> h , k = 1, . . m, such 
that the function w mtt — div (k V^m) + aw m — /> where 

m 

W m (x,t)= li c h (t)v h (x), (31) 

A=l 

is for almost all t £ (0, T) (for which / £ L 2 (D t )) orthogonal in 
L 2 (D) to the subspace F m , that is, 

j iPrntt ~ div (kVu’ m ) + aw m ) v h dx = j fv h dx (32) 

D D 

for k — 1, . . ., m. 

According to the Galerkin method, the solution u of the problem 
(l)-(4) is approximated by the solutions w m of the “projected” prob¬ 
lems. To substantiate this, we must show that the solution w m 
of each of these problems exists (and is unique) and the sequence 
w m , m = 1, 2, . . ., converges in some sense (weakly in /f x (<?r)) to u. 

For simplicity, we examine the case of homogeneous initial con¬ 
ditions (<p = 0, = 0). Then <p ft = = 0, k = 1, . . ., that is, 

c h (0) = c' h (0) = 0, k = 1, . . ., m. (33) 

The equations (32) constitute a linear system, regarding functions 
c 1 (l), . . ., c m (t), of ordinary differential equations of second 
order with constant coefficients 

m 

2j {c"s(t)(v h , v s )l 2 (D) + c s (t)(v h , v s ), ) = f h (t), k = l, 

s= 1 

(34) 

where 

hit) = | f(x, t) v h (x) dx £ L 2 (0, T) 

D 

(^’ g) Hi ( D) = I iWhS7g + ahg)dx), 

D 

Let us show that the system (34) has a unique solution that belongs 
to dP( 0, T) (all its components belong to H 2 (0, T)) and satisfies 
the initial conditions (33). 
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Since the system of functions v lt v 2 , ... is linearly independent, 
for any m 1 the determinant of the matrix with elements 
(v h , ^)l,(D), k, s = 1, . . ., m, is diSerent from zero (analogous 
assertion was established in Sec. 1.9, Chap. IV). Therefore the linear 
system of ordinary differential equations (34) can be solved for 
higher derivatives. Consequently, the problem (34), (33) is equiv¬ 
alent to the problem 

c'(t) = Ac(t) + F(t), c{ 0) = 0, (35) 

where c(t) = (c\ ( t ), . . ., c m {t), cfft), . . ., c m (f)), F(t) = (Ffft), 
• • •, F 2m {t)), (F x (t), . . ., F m (t)) = || (q> ft , cp s )L,(U) II" 1 (fi(t), 
im (0). Fm+i (t) = ... = F 2m (0 = 0 and 

0 , ||(<P ft , <p s )L 2( D)ir-|K ( Ph. ( SP s )^ 1(D) l| 

= _ /, 0 

is a matrix of order 2m (/ is the identity matrix of order m). Clearly, 
the vector F(t) 6 L 2 ( 0, T) ( F t (t) £ L 2 ( 0, T), i = 1, . . ., 2m). 

To prove the assertion, it suffices to show that the problem (35) 
has a unique solution belonging to H 1 { 0, T). As usual, we replace 
the problem (35) by an equivalent system of integral equations 

t t 

c(t) = f Ac{ t) di -\- \ F{x) dx, (36) 


where the free term ^ F(x) dx belongs to H 1 ( 0, T) and is therefore 

o 

continuous on [0, 7 1 ]: if c(t) is a solution of the problem (35) which 
belongs to H 1 ( 0, T), then it is continuous on [0, T ] and satisfies 
the system (36) by Theorem 3, Sec. 6.2, Chap. Ill; if c(t) is a solu¬ 
tion of the system (36) that is continuous on [0, T], then it obviously 
belongs to H 1 ( 0, T) and is a solution of the problem (35). And the 
existence (as well as uniqueness) of the solution (continuous on 
10, T ]) of the system of integral equations (36) is established in 
courses of ordinary differential equations while proving the existence 
theorems regarding solutions of the Cauchy problem for linear nor¬ 
mal system of ordinary differential equations (see, e.g., L.S. Pont- 
ryagin, Ordinary Differential Equations , Addison-Wesley, Reading, 
Mass., 1962). 

Thus we have established the existence and uniqueness, for any 
m = 1, 2, . . ., of functions w m {x, t) of the form (31) that satisfy 

Eqs. (32) and the initial conditions m m | t = 0 = dW a T — 0- 

Multiplying (32) by c' h (t) and integrating over (0, t), where x 
is any number in [ 0 , T], and then summing over k from 1 to m, 
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we obtain the identity 

j (u’mtt — div (&V«7 m ) + aw m ) w mt dx dt = J fw mt dx dt. (37) 
Qx Q x 

Since w mtt w mt = -~ (yu4t) ,div(*Vw m )-«; m( = div(A:u? ml Vu’ m ) — 
— (yl v »m| 2 ) and aw m w mt = (y au4), we have 

j —div(/cV» m )+a^ m )w rot da:dt 

«T 

= y j (Wmt + *|Vw m | 2 + a»m)dx. 
°x 

Noting that in the subspace H 1 {Q T ) of /7 X ( Q T ) that consists of 
functions vanishing on IV (J D 0 we may introduce the norm 

II w IIhi ( q t ) = ( j ( w t + k I Vw I 2 + aw z ) dx dt ) 1/2 

<?T 


equivalent to the usual one, we obtain 

T 


] dx j (w mtt — div ( kS7w m ) + aw m ) w mt dx = || w m 
0 Q 



Therefore by (37) 

T x 

II llgi(Q r ) = 2 J dx j dt ^ /(x, t) w m t{x, t) dx 
0 0 D 

= 2 j (T — t)f{x, t)w mt {x , t)dxdt ^ 2r II / || Lj( q t ) || w mf 

Qrp 

SJ27 1 II / ||l,(Qj,) II M-'m IIhiIQj.) 

whence 


II w m IIhi(q i ,)' ;S 5 27 1 || / llt.lQj,). 

Thus the set of functions u? m , m = 1, 2, . . is bounded in H 1 (Q T ). 
From Theorem 3, Sec. 3.8, Chap. II, it follows that this set is weakly 
compact in H 1 (Q T ), that is, from it we can choose a subsequence 
(denoted again by w m ) that converges weakly in H X (Q T ) to a func¬ 
tion u £ H 1 ( Q t ). 

The function u is the desired generalized solution of the mixed 
problem. In order to establish this, it is enough to demonstrate that 
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for any v £ H X (Q T ), where H 1 (Q T ) is the subspace of H X (Q T ) com¬ 
posed of functions vanishing on D T U F r , the integral identity (9} 
holds (with ip = 0): 

J (/cVuVu + auy — u t v t ) dx dt = j fvdxdt. (38) 

Qrj, Qfji 

For this it suffices, in turn, to establish (38) for a set of functions’ 
<M everywhere dense in H^Qx). 

For q/K we take the set of all linear combinations of functions 
v h (x) 0 ( t ), where 4 = 1,2, ... and 0(f) is any function in C^IO, Tl) 
such that 0(2") = 0. We shall first show that (38) is valid for any 
function v(x, t) = v h (z)0 (f) and therefore for any v in s/f, and 

then show that <M is everywhere dense in H^Qx). 

Multiplying (32) by 0(f) and then integrating over (0,2"), wo 
obtain, for k, 

\ [(kVw m Vv h + aw m v h ) & — w mt v h Q']dxdt = f fv h 9dxdt. 

q t Q t 

Hence follows (38) since, as m->~ oo, w m converges weakly in H^Qx} 
to u. 

Let us show that <Jl is everywhere dense in H X {Q T ). For this, it 
suffices to establish that any function r| (x, t) belonging to C 2 (Q T } 
and satisfying the condition 

T] |r T uu T = 0 (39) 

(the set of such functions is everywhere dense in H^Qx)) can be 
approximated by functions belonging to a# in the metric of the 

space H l (Qx)- The norm in H\Q T ) is defined by the formula 

T Qt 


Note that the set aM can be regarded as a set of all linear combi¬ 
nations of functions v*(x) 0 (f), where 0(f) is an arbitrary function 
in C 1 ([0, TJ) that vanishes for t = T and v*, v*, ... is an ortho- 

o / 

normal basis for the space H\D) (in the scalar product (/, g )o = 

= j V/ Vg dx j obtained by orthonormalizing the system v 1 , v 2 , . . . 

D 

according to the Gram-Schmidt method (see Sec. 2.5, Chap. II). 

Let rj(o:, f) be an arbitrary function in C 2 (Q T ) satisfying the 
condition (39). Since for any f £ [0, T] the functions t](x, f) and 
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t) belong to H^D), they can be expanded in Fourier series 

o 

which converge in the metric of H l (D): 


*l(*. 0 = 2 Vh(t)vt(x), 


h=l 


r] t (x, *) = 2 il h(t)v*(z). 


fc=i 


where 


jt=i 


(40) 


(41) 


TU(f) = j Vrj(x, t) Vu* h (x) dx. 

D 

Furthermore, 

oo 

2 ( T lt(0 + ip 2 (0) (|Vr)(x, 0I 2 + | Vip(.r, t)\ 2 )dx, t£[ 0, T). 


Let T]jv(a:, t) denote the partial sum of the series in (40): 


N 


iInO*. 0=2 r\h(t)v* k (x). 

k=i 


(42) 


(43) 


It follows from (41) and (43) that for any N ^ 1 and all t g [0, T ] 

o 

the function ip — P Nt € H 1 (D t ). Therefore by Steklov’s inequality 
(Sec. 5.6, Chap. Ill), 

II hi - hNt ||L 2 <D t ) <C || T]( - TPv-i || A , 

where the constant C > 0 depends only on the region D. Accordingly, 
for any N 1 and all t £ [0, T] 


II lit - ilNt IIL(D t > +1| ti - Tbv ||^ 1(D() < C 2 1| rj t - rjjvt II 2 




+ lh—»iivlll, B = 2 (^(O+cv^O)- 

HHD t ) fe=JV + l 


In view of ,(42), for any ££(0, T], 2 (*lft(0 + C 2 r)fe 2 (0) J 0 

ft=JV+l 

as N oo. Hence Levi’s theorem (Theorem 3, Sec. 1.6, Chap. II) 
implies, as N oo, that 


Ih — ilw 


"ffPQj.) 


[ (II Ilf - ’iNt I|l,(D ( ) +1| 11 ~ tlN Ik ) dt 
0 f 


o. I 
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Note that since the generalized solution u of the problem (l)-(4) 
is unique (Theorem 1), it follows from what has been proved that 
not only a subsequence of the sequence w m , m — 1, 2, . . but also 
this sequence itself converges weakly in H\Qt) to u. 

4. Smoothness of Generalized Solutions. Existence of A. E. Solu¬ 
tion and Classical Solution. The investigation of smoothness of gen¬ 
eralized solutions will be confined to the case of first and second 
mixed problems (in the boundary condition (5) a = 0) for a partic¬ 
ular case of Eq. (1), the wave equation (in (1) k = 1, a = 0), 
although, if the coefficients of the equation and the function a are 
sufficiently smooth, the same method can be applied to obtain anal¬ 
ogous results in the general case. 

Suppose that u ( x , t) is a generalized solution of the first or second 
mixed problem for the wave equation 

u tt — Au = /(a:, t ), (44) 

u |i= 0 = <P, u t | t=0 = ^ (45) 

and either 

u|r T = 0 (46) 

in the case of the first mixed problem, or 



in the case of the second mixed problem. 

It was shown in earlier subsections that the problems (44)-(46) 
and (44), (45), (47) have (unique) generalized solutions provided 
i]) £ L 2 (D), / £ L 2 (Q t ) and the function cp belongs to the space 

H 1 (D) in the case of the first mixed problem or to the space 7/ x (Z)) 
in the case of the second mixed problem. Furthermore, each of these 
generalized solutions u(x, t) is represented by a convergent series 
in H\Q t )i 


oo 

u{x, 0=2 U h (t)v h (x), 


h—l 


(48) 


where 


Uh{t)-=<Pk<> os V — Kt + ■ / il= sin Y — X h t 

V — Aft 

t 

+ [ f h ( r)sin V — K (t — x)dx, k = 1,2,.. 


20-0594 


(49) 
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(in the case of the second mixed problem 

t 

£ / i(*) = <Pi + ^i+ J (t — t)fi(r)dx 

= lim (cpt cos Y — kt-\ — 7 ==- sin 
x-o ' V — k 

t 

+ - y i = f _ f AW Sin Y^it— T)dx)) f 

<Pft = (9. V h ) L ,(D)> ifft = 0|b V h )t, (D ), 
fk(t) = | f(x, t) v h (x) dx, k = 1, 2, ..., (50) 

D t 

and v l7 v 2 , ... and ^1> ^2’ • • • are sequences of generalized eigen¬ 
functions and corresponding eigenvalues of the first, if the problem 
(44)-(46) is considered, or the second, if the problem (44), (45), (47) 
is under consideration, boundary-value problem for the Laplace 
operator in D (recall that in the case of the first boundary-value 
problem k h < 0 for all k == 1 , 2 , . . ., and in the case of the second 
boundary-value problem < 0 for k — 2, 3, . . . and = 0 
while Uj = const = 1 lY I D |). 

Assume that the boundary dD of D belongs to the class C s for 
some 1. Then, by Theorem 7, Sec. 2.4, Chap. IV, the eigenfunc¬ 
tions v h (x), k = 1 , 2 , . . ., of the first and second boundary-value 
problems for the Laplace operator belong to the spaces H s % ( D) 
and H S jp (D), respectively, that is, belong to H S (D) and on dD 
satisfy the boundary conditions 

Vh Ian = • • • = \ gD = 0 , *== 1 , 2 ,..., 

in the case of the first boundary-value problem and the boundary 
conditions 


Y — kt 


dvk 

dn aD 


±-^~ l V h \ = 


dn 


dD 


■ 0 , 


* = 1, 2, . 


for s > 1 in the case of the second boundary-value problem. Recall 
that H'jp. (. D) = H\D). 

Assume also that in the case of the first mixed problem (44)-(46) 
<p £ H s g(D), \|) € H s %' ( D) and / belongs to the subspace H\ g; 1 ( Q T ) 
of H s _1 ( Q t ) which is composed of all functions / £ JT S-1 ( Q T ), s > 1, 


C-tlL 





such that 


/Ir r = ... = At 2]- 1 / |r r = 0. 

When * = 1, 1 (Q t ) = H% (Q T ) = L z (Q T ). 

In the case of the second mixed problem (44), (45), (47) we 
assume that <p £ H ^ ( D ), tJ? £ ( D ) and / belongs to the sub¬ 

space (Q t ) of the space H s ~ l (Q r ) which is composed of all func¬ 
tions f£H s ~ i (Q T ),s>2, such that 


K 

dn 


r r 


^4[5‘]-V| r ,=o. 


When s = 2, (<? T ) = H 1 ^ (Q T ) = ff 1 (<? T ) and when s = 1 

H s Jir (Qt) — Hjir (Qt) — L z (Qt)- 

In this subsection we shall prove that under aforementioned 
assumptions the generalized solutions of the mixed problems belong 
to the space H S (Q T ) and are classical solutions for sufficiently 
large s. 

Theorem 3. Suppose that for some s^- 1 dD £ C s and in the case 
of the first mixed problem (44)-(46) <p 6 H s % (D), i|) £ TTg 1 (D), f£ 
G 11 "% 1 (<?r)> while in the case of the second mixed problem (44), (45), 

(47) q> e ffjp (D), t|> 6 H s jr (D), f 6 H'Jr (Qt)’ Then the series (48) 
converges to the generalized solution u(x, t) in H s (D t ) uniformly 
in t 6 [0, T\. Furthermore , for any p — 1, . . s the series obtained 
from (48) by p-times termwise differentiation with respect to t con¬ 
verges in H s ~ p (D t ) uniformly in t £ [0, T], and for all t 6 10, T\ 
the following inequalities hold 


S 


s 

p=o 


s 


ft==l 


v h (x)) 


2 

H‘~P(D t ) 


(II !Ih s (D) + II 'l’ Ilfl^hD) + II / IIh 4 - 1 ^? ))• 


(51) 


The assertion of the theorem regarding convergence in H s ~ p (D t ), 
p — 0, . . ., s, which is uniform in t £ [0, T], of the series obtained 
from (48) by p-times termwise differentiation with respect to t 

N 

means that for any 1 6 [0, T ] the sequence of traces 2 X 

X (Uh(t) Vk(x)) | D t on D t of pth derivatives with respect to t of the 
partial sums of the series (48) (each of these partial sums belongs to 
H 1 (Qt)) converges in H s ~ p (D t ) and this convergence is uniform 

20 * 
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in t £ [0, T], that is, 
sup || 2 dV 

O^t^T 11 


(Uk(t) v h (x)) 


0 as M, N oo. 


h =M+1 dtP . llHS ' P(D « ) 

Then the sequence of partial sums of the series (48) converges also 
in H s (Q t ) and the estimate (51) implies the inequality 

II u llir s (Q r )'^^' (II Hh s (D) "HI't 1 IIh s-1 (D) “• _ II^Hh 5 ' 1 (Q t ))- (52) 

Thus the following assertion holds. 

Corollary 1. For some s 1, let dD 6 C s and in the case of the 
first mixed problem (44)-(46) cp £ H S £(D), ip £ i/g 1 (D), f 6 H s %{Qt) 
and in the case of the second mixed problem (44), (45), (47) cp £ H s j^ (D), 

6 H s jr(D), f g H s jjf-(Q T ). Then the generalized solution of each 
of these problems belongs to H\Q T ) and the series (48) converges to it 
in H s (Q t ). Moreover , the inequality (52) holds. 


For any p = 0, ...,s—1 the function 


dt p 


has a trace on D t for 


every t £ [0, T] and the series obtained from (48) by p-times term¬ 
ed 

wise diSerentiation with respect to t converges to 


dt p 


t 


Since also for p — s the 
d s 


in H s ~ p (D t ) uniformly in t £ [0, T ] 
sequence of partial sums of the series 2 (Pk (0 v h (#)) Id, com- 

h=l 

posed of the traces on D t of the functions d < 'g t ) Vh> belonging 

to H\Q t ) converges in L 2 (D t ) (uniformly in ^ ^ [0, T]), its limit 
for every t £ [0, T\ can be called the trace on D t of the sth deri¬ 
vative with respect to t of the generalized solution u(x, t ). 

Before proving Theorem 3, let us establish the following auxiliary 
result. 

Lemma 2. If f 6 H\Q T ), q >• 0, and g £ L 2 (D), then the function 


M0 = j f{x, t)g(x)dx 

d. 


belongs to H\ 0, T) and the relations 
d P *(*) _ f d p f(x, t) () d 
dt p -J dt p 8 () ' 

D t 

hold. 

Proof. Since for p = 0, 1, ...,q 


0 <P<7» 


d p f 


dt 


y£L 2 (Q T ), by Fubini’s theo- 

f (x t) • 

rem for almost all t £ (0, T) the functions g{x) — ^ - are inte- 
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grable over D t and the functions 

fe (Pi (0 = j - dPf d { *p l) g (x) dx, p = 0, 1, 

(h (0) (t) — h(t)) are integrable over (0, T). Further, because 

D t D t 

h^(t)£L 2 ( 0, T), p = 0. 

For any function T)(x, t) £ C q (Q T ) 

j f(x, t) t] dxdt, 

Qj* Qf 

so for any r)i(t) £ C q ([0, T]) and tj 2 (x) £ C q ( D) 
j T)l ^ ( j S T h(*) ^ ) dt = ( — l) p J - ffjjjr - ( j ft] 2 (x) dx ) dt. 

0 D 0 D 

The set C q (D) is everywhere dense in L 2 (D), therefore the last 
equality is also valid for arbitrary t] 2 6 L 2 {D), and, in particular, 

for T\ t — g. Thus for all %(£) 6 C 9 ([0, T]) 

T T 

^ ni h^dt=(-iy\^$-hdt, p=i,...,?. 

0 0 

This means that for p=l, . . .,gthe function h (P) (t) is the general¬ 
ized derivative of pth order of the function h(t), that is, -^j- = 
= h™ 6 L 2 (0, T). | 

Proof of Theorem 3. It follows from Lemma 2 that the functions 
fh(t) k — 1,2, . . defined by (50) belong to the space H*' 1 (0, T), 
and therefore (see Theorem 3, Sec. 6.2, Chap. Ill) to the space 
C S_2 (10, 7 1 ]) for 2. Consequently, the functions U h , k — 1,2, ..., 
defined by formula (49) and satisfying on (0, T) the equations 
U" h — k h U h = f h belong to the space iP +1 (0, T ), thereby also to 

c° ([ 0 , r]). 

Then, by the properties of eigenfunctions v h (x), the partial sums 

N 

S N (x, 0=2 Uk(t) v k (x) of the series (48) belong to the space 

ft=i 

H‘ (Q t ) and for all t £ [0, T] to the space H%(Dt) in the case of 
problem (44)-(46) (or to the space H\- (D t ) in the case of problem (44), 
(45), (47)). 
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Further, for p — 1, . . s the function d gf p N - belongs to the 

space H s ' p+1 ( Q t ) and for all 1 6 [0, T ] to the space H s % (D t ) (ffjr (D t )). 
Therefore, in view of Lemma 3, Sec. 2.5, Chap. IV, and orthogonali¬ 
ty of eigenfunctions v k (x) in L 2 (D) and H X {D), we have for all 
t £ [0, T], arbitrary p = 0, . . ., s and any M and N, 1 ^ M <. N, 
the inequalities 


OPSn _ dPS M 

dtP dtP 


S-P 


<C t A 2 w {Sn -S m ) 


H s ~P(D t ) 


dtP 


L,(D t ) 


-C.|| S IM*' 1 ’ - £ 3®r 2 -»*M 

-c. 2 im-'(tS 1 ) 2 


h=M+l 


2 

L,(D t ) 


h=M+l 


if s — p is even and 


dPS n dPS yf 


dtP dtP 


s-p- 1 


dP 


,< c ;ii 4 2 


2 

HHD t ) 


=c;|| 2 \K\ ’ l -^r-v h (.x)\ 


h=M+1 


2 

!Hl(D t ) 


N 

2 

h—M+l 


i l s-p l dPUk(t) 

t 'dip ) 


if s — p is odd. That is, for all t 6 [0, T], arbitrary p = 0, . . ., 
and arbitrary M and N, 1 ^ M < N 


dP (■ Sn — Sm) 
dtP 


N 


1 H‘~P(D t ) 


<Ci s lM 5 - p (^^) 


(53) 


k=M +1 


Similarly, for all t 6 [0, T\, arbitrary p = 0, . . ., s and any 
iV> 1 


dPSpf 

dtP 


N 


2 

H s ~P(D t ) 


<c t 2i^r p 

h=i 


( dPUh(t) \2 
V diP ) 
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in the case of the first mixed problem (^,=^0) and 


d P S _y 


dtP 


H s ~P(D t ) 

<2 ( dPUl 


dtP 


dtP 1 

dtP 

1 

2 +2 
H s ~P(D) t 

V\D\ 




2 

H s ~P(D t ) 
dP (S N —Sj) 2 

H S ~P(D { ) 
N 


dtP 


k—2 


in the case of the second mixed problem (^ = 0). Thus for all 
*€[0, T\, p = 0, N>i 


dPS n 


dtP 




N 


dPUk 


H 5 ~P(D t ) 


h=\ 


Summing these inequalities over p from zero to s, we obtain 

N 


s 

p=0 


dPS 


N 


dtP 


H s ~P(D t ) 


<^s[(^r+su.r(^n- w 


p=0 


h=l 


We now apply the following lemma which will be proved later. 
Lemma 3. If for some s^l dD £ C s and (p £ ( D ), \J) £ ifj; 1 (D), 

f £ H s c£ i {Q T ) in the case of the first mixed problem (44)-(46) or tp £ 
£ H S jr (D), if £ H S jr (D)’ f € //jr (Q t ) i n the case of the second mixed 

oo 

problem (44), (45), (47), then for any p^s the series 2 x 

h=l 

X | h k | s_p converges uniformly in t £ [0, T] and 


oo 

2 ( TET ) 2 I I''" < C (II <f IIA«(Z» + IN’ llt-'u» + II / IIS-‘ W _>>, (55) 

h—l 

where the constant C> 0 depends only on Q T . 

In view of this lemma, the inequalities (53) imply that for 

every p — 0, 1, ...,s the sequence dP g ^ - J ^ converges in H s ~ p (D t ) 
uniformly with respect to ££[0, T], and the inequality (54) to¬ 
gether with the obvious estimate (-jjY^Y const (|| <P ||l,(D)+ 
+ II ^ ||1,(D) +1| / |&« Wr )) implies inequality (51). | 

When s = 2, it follows from Corollary 1 that the generalized 
solution of each of the mixed problems under consideration belongs 
to H 2 (Q t ), and is consequently an a.e. solution. 
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Note that in the hypothesis of Theorem 3 the following condi¬ 
tions, apart from the condition on smoothness of given functions, 
are assumed satisfied: 

<p| aD =...=A^%|a D = 0, tHU=...=A[T]- 1 lHdD = 0 (56) 

and 

/|r r =...=A^- 1 /|r T = 0 (57) 

in the case of the first mixed problem, and 


dcp 

dn 3D 





and 


9* 

dn 

|au 

2 ] Hd=o 

(58) 

*L\ 

dn ( 

r r " 

■=ir 4 ‘ 2 hlr r -o 

(59) 


in the case of the second mixed problem. Note that for the validity 
of Theorem 3 some conditions of this kind are necessary. 

Indeed, in the case of the first mixed problem, for example, 
with s'^2 the fact that q>(x) = u(x, t) | t= o is represented by a con¬ 
vergent series (48) in H’(D 0 ) and \|?(s) — (u is an a.e. 

oo 

solution) by a convergent series Y u ft (;r) in # 5-1 (A)) 

™ dt /=0 

fc=l 

implies that conditions (56) hold. Since the series (48) converges 
to a.e. solution u(x, t) in H S (Q T ), and thus the series 

oo oo 

2 U h (t)Av h (x) and 2 v k( x ) to Au and u tt , respectively, 

h=i h=i 

in H s ~ z (Q t ), it follows that for s^3 f = uu — Au satisfies the 
conditions 


/|r r =...=Al S 2 3 H T = 0. 

When s is even, Theorem 3 additionally assumes the condition 
T—1-i 

A 2J /| r = 0. This condition is in fact unnecessary. It will be 
demonstrated for s = 2. 

Corollary 2. Let dD 6 C 2 and f £ H l {Q T ), and let (p 6 
t|j 6 Hgj(D) in the case of problem (44)-(46) or <p 6 H 2 jr(D), ^ 6 
in the case of problem (44), (45), (47). Then for p = 0, 1, 2 
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the series obtained from (48) by p-times termwise differentiation with 
respect to t converges in H z ~ p (D t ) uniformly with respect to t £ [0, T] 
arid the sum u(x, t) of the series (48) is an a.e. solution of the problem 
(44)-(46) or the problem (44), (45), (47), respectively. Moreover , for all 
t 6 10, T\ inequalities (51) hold for s = 2. 

Proof. In view of Theorem 3, it is enough to establish this asser¬ 
tion for homogeneous initial conditions: cp = 0 , ip == 0 . 

Since for k > 1 


u h (t) 


V -** 


i 

j f k (x) sin V — K ( t—x)dx 
o 

= T^T (/ftW_/fe(0) cos ^~ h t} 


I hk i 


(■ 

j /*(t)cos Y — l. h {t — x)dx r 


i 

UkV) = \ fh 00 cos 1 / — A* (t — t) dx 


= - 7 ^- /ft( 0 )sin / — M + [ /;(T)sinV — h k (t—x)dx y 

V —hk V — hh J 

uut) = fk(t)+h k u k (t) 

t 

= f k { 0 ) cos — K t + j f' h (x) cos Y — h k (t — x) dx y 


we have 


x 

K US (t) ^const (fS(t) + fS( 0) + T j (/h(x)) 2 dx). 


I^ITO)) 2 <const(/|(0) + r \ (f’ h (x)) 2 dx), 

J 

o 

T 

(tfk(f)) a <const (/ a h (0) + 2 1 j (/fc(x )) 2 dx). 

o 

Since Lemma 2 together with the fact that / belongs to H l (Q T ) 

oo T oo 

implies that the series 2 j (/h( T )) 2 ^ T and 2 /£(*) converge uni- 

ft=l 0 h=l 

formly in ££[ 0 , T], the desired assertion follows from inequalities 
(53) and (54). | 
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Note that if / = 0 the relation 




oo 




= 2 cos V\ K 1 1 — <f> ft Vl K I sin V\ K 1 1) 2 

h=l 

+ (tyk sin V I K 1 1 + <Pft V | K I cos V I K | *) 2 ] 


— 2 +1 ^ I < P&) = II $ IIL(D) +1| | V<p | Hl 2 (D) 

h=l 

implies that for all f£[0, 7 1 ] the solutions satisfy the identity 

J (( 9U( dt ° ) 2 + l Vm(s, £)| 2 ) dz = j (i }) 2 + | V(p| 2 )^. 

D t D 

which is referred to as “ the law of conservation of energy". 

Theorem 4. Let dD^C^ +Z . Let <p g H^ + \d),^ £ H^ + \d), 
~firl+2 f -^-1 + 3 

ftzHg) ( Q t ) in the case of problem (44)-(46) and (Z)), 

r -|-]+ 2 ~\ ir ]+ 2 

t| yZH'jp. ( D ), f£H v Jf. (Q t ) in the case of problem (44), (45), 
(47). Then the series (48) converges in C 2 (Q T ) and its sum u(x, t) 
is a classical solution of the corresponding problem. Solution u 
satisfies the inequalities 


u W r )< c (i|(pii ff[ ^ ]+p+1 +ih’H h[ » ; 


+H/II 


hIt] + p ( , 


P = 0, 1, 2. (60) 




Proof. Since dD£C 2 , the generalized eigenfunctions v x (x), 

v 2 (x), ... of the first and second boundary-value problems for the 

Hrl+3 

Laplace operator in D belong to the space H ( D) and hence, 
by Theorem 3, Sec. 6.2, Chap. Ill, to C 2 (D). Therefore the partial 
sums S N (x, t), N = 1,2, . . ., of the series (48) belong to C 2 (Q T ). 
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According to Theorem 3, Sec. 6.2, Chap. Ill, and inequality (53), 
for all t 6 [0, T ] and 1 ^ M < N we have 


— $M Ilc 2 (n t ) + 


-gt (S N — S M ) 


I CHD t ) ^ 


d 2 


4 t(S n — S m ) - 

dt 2 v iV C(D f ) 


^^ (li IP f _n 

2 


+ 


[fl+3 
1 2 J ( D t ) 

($N — $m) 


dt 


($N — S M ) 


'hIt!- 2 


(Dj) 


H 

2 N 


[f] + 1 


(DA 


2 


and, hence, 


'b Zj Zj I I 

P—0 h=M+ 1 
N 


\t] + 3 - p ( dPUk \2 


( dPU h \ 2 
\ dtP ) ’ 


I *^JV l|c2(Q \ 
t’ 


.[-?-]+3-p 


" " p=0 fe=M+1 

By Lemma 3, series with general terms ( - j 2 1 k h p 2 

p — 0,1, 2, converge uniformly on [0, T], therefore series (48) 
converges in C 2 (Q T ). Hence u f C 2 (Q T ). Since, by Theorem 3, 
Sec. 6.2, Chap. Ill, for p = 0, 1, 2 


ll u HcP(q t , = max S 

w r) o^t^T 


9=0 




max V. 

CP~1(D t ) 0;;<s~T 


9=0 






-£ + l+p—9 
H 2 (D.) 


inequalities (60) are a consequence of inequalities (51) with s = 

= [t] + 1 + I 

Proof of Lemma 3. The proof is conveniently carried out in two 
stages: first it will be established for / = 0 and then for cp = = 0. 

Let / = 0. It follows from (49) that for all t £ [0, T ] and k — 
= 1,2, ... in the case of first mixed problem and k = 2, 3, ... 
in the case of second mixed problem 

I ife I 


I Uh{t) |^| (ph | + 


V\^h\ 


and in the case of second mixed problem 

I Ui(t) I < I q>i I + T | H» x |. 

Furthermore, for all t £ [0, T ] and any p — 1, 2, 


dPU h 

dtP 


<Pk 11 A* | P/2 + I | I 


|(P-l)/2 


k= 1,2, ..., 
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(if = 0, then (X ^ 0 = 1 ). Consequently, for all t 6 [0, 2”] with 
any \ and p, 0 ^ p ^ s, 

(-^) 2 i h r <2 (rt i k i*i * k r<). 

Therefore the assertion of Lemma 3(for/ = 0) follows from the 

oo oo 

convergence of the number series 2 I I* and 2 I ^l 5 " 1 and 

ft=l h=l 

the inequalities 

2 q>Il^l s <c||(p|| 2 HS(D) , 2 

*=1 fe=i 

where the constant C > 0 does not depend on <p or t|) (Theorem 8 , 
Sec. 2.5, Chap. IV). 

In order to establish Lemma 3 for 9 — i|> = 0, we require some 
auxiliary results. 

Lemma 4. Let dD £ C 2 . Then 

( 1 ) if the function f{x, t) belongs to H q ^(Q T ), < 7 >- 2 , then for 
any p, p=l ..., q, belongs to H q % v {Q T )\ 

( 2 ) if the function f(x, t) belongs to H q jp{Q T ), 2 , then for 
any p, p= 1, ..., q, ^ belongs to H q J^{Q T ). 

Proof. In order to prove the first assertion of this lemma, it suf¬ 
fices, obviously, to establish that if G £ H 2 (Qt) and G|r T = 0, 
then Gt|r r = 0 . 

For the proof of the second assertion, it is enough to show that 
if G 6 H*(Q t ) and ^ = 0, then -JL G t = 0. 

Let us prove the first assertion. Since G|r T = 0, we have for any i, 
1 <1 i <1 n, 

j G x .t r \dxdt= — j G x . rjj dx dt — j G dxdt— — ^ G t %. dx dt, 

Qy Qj< Qj* 

where rf is any function belonging to C 2 (Q T ) and satisfying the con¬ 
ditions * r] Ido = ri| Dr = 0. On the other hand, for any i, 1 ^ i ^ n, 

j Gx.t^dxdt— j Gt^nidS dt —j G t r\ x .dxdt, 

Qj, Tp Qp 

where n t is cosine of the angle between the (outward) normal to r r 
and the Gaq-axis. 
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Thus for any function t) £ C 2 (F T ) such that r] |azj 0 = rilan T = 0, 
we have 

j Gt^rii dSdt — 0, i— 1, ...,n. (61) 

r r 

We cover the closed surface T r by a finite number of ((n + l)-di- 
mensional open) balls V m such that for each / = 1, . . m 

it is possible to find a number i = i (/'), 1 i ^ n, so that on T t] , 
where Y Tj — T r f] V jt the function 1 n i(j) ( x) | > 0. Take any 

/, 1 ^ ^ m, and any function rj(a:, t) 6 C 2 (T t ^), which is extend¬ 
ed beyond T r ^ (on T r ) by zero. By (61), 

j G t n i( j ) (x)r\(x,t)dS dt = 0. 

Since the set of functions n i(j) (x) r] (x, t) for any r) (x, t) £ C 2 (Y rj ) 
is everywhere dense in L 2 (t Tj ), Gt\r Tj = 0. Accordingly, Gt\r T — 
= 0. This proves the first assertion. 

The proof of second assertion is exactly the same. Indeed, since 

^-| = 0- for any ri 6 C\Q T ), ri| Do = TilD r = 0, we have 

\ A GfX\dx dt— — \ A G • ip dx dt 
4r q t 

= j S7G-Vr)tdxdt=: — j vGfV i\dxdU 

Qrp Qjl 

On the other hand, 

j A G t -r\dxdt=^ ]dSdt — f VG t • V T] dx dt, 

Qj> r j, Qj, 

from which 

j -^Gf-qdS dt = 0 

r T 

for any T]gC 2 (r T ). Hence -^-| r =0. | 

Lemma 5. If dD £ C 2 and the function f(x, t) belongs either to the 
space Hg (Q T ) or to H 9 ^{Q T ) for q 2, then for any t £ (0, T] and 

dPf 

p = 1, . . ., q — 1 the trace of the function on D t belongs to 
H q & V 1 iPt) or to respectively. 
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Proof. In view of Lemma 4, for the proof of Lemma 5 it is enough 
to establish the following assertion. If the function G(x, t) £ H 2 (Q T ), 
then for any t 6 [0, T\ G\ D( £ H\Dt); if G £ H 2 (Q T ) and G|r T = 0, 

then G\d t € H 1 (D t ) for any t £ [0, T]. 

According to the theorem on traces (Theorem 1, Sec. 5.1, Chap. Ill), 
G |n t 6 L 2 (D t ) and G x . \o t 6 L 2 {D t ), i = 1, . . ., n, for any t £ 
6 [0, T]. Take any function %(£) in C 1 ([0, T ]) and any r\ 2 (x) in 
C l (D). By Ostrogradskii’s formula, 

j Pi tj 2 dx dt = — | G t]j r] 2x . dx dt (62) 

Qji Qj, 

for any i = 1, .... n, that is, 

T 

j % (0 [ j ( G *i % + G r^*.) dx ] dt = 0. 

0 D t 

Since the set C 1 ([0, T]) is everywhere dense in L 2 ( 0, T) and by 
Lemma 2 the function ^ (G x . r) 2 -f Gt] 2 x ; ) dx belongs to the space 

b t 

H\ 0, T) and is thereby continuous on [0, T], 

j G Xi rj 2 dx = — j G r\ 2Xi dx (63) 

D t D t 

for any function q 2 (a:) £ C l (D) and all t £ [0, T\. 

Consequently, for any t £ [0, T] G \o t £ H 1 (Dt) and its general¬ 
ized derivative with respect to x t is the trace on D t of the function 
G X . {x, t), i — 1, . . ., n. 

Suppose now G £ H 2 (Q T ) and G|r r = 0. Then relations (62) 
hold also for any function q 2 (x) belonging to C 1 ( D). Therefore 
identities (63) also hold for any r] 2 (x) £ C l (D) for all t £ [0, T]. 
By what has been proved, for any t £ [0, T] G\o t 6 

therefore T) 2 (a:) £ C X (D), apart from satisfying the identities (63), 
also satisfies the identity 

j G x . r)zdx= j G q 2 n t dS — j G r\ 2x . dx. 

D t 9D t D t 

Thus for any r\i{x) £ C i (D) 

^ G rj 2 n t dS — 0, i = l, ...,n. 

6D t 
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From these identities it follows (compare the proof of Lemma 4) 
that the trace of function G(x, t) | D( on the boundary dD t of Dt 

is zero. | 

Remark. The proof of Lemma 5 readily implies the following result. 
If dD 6 C 2 and f(x, t ) £ H q (Q T ), then /| D( 6 H^^Dt) for any 

t e lo, t i 

Lemma 6 . Let v u v 2 , . . . be an orthonormal basis for the space 
L 2 (D). Then for any function G(x, t) 6 L 2 (Q T ) 

oo T 

h=l 0 D t 

Proof. Since for almost all t £ (0, T) the function G (x, t ) £ L 2 (D t ), 

co 

2 ( j G{x, t) v k (x) dxf = || G(x, t) ||^ (I)t) 

for these values of t. The desired result follows from integrating the 
last relation over (0, T) and then applying Levi’s theorem. | 
Proof of Lemma 3 when cp = i|) = 0. By (49) and (50), we have 


U h (t) = - 7 f==r f /(*. t) M*) sin VJhA (< —T) dT, k—l, 2, ... 

(49') 

(for the second mixed problem U^t) — } j ( t — t) f(x, x) X 
X dx dx). 

We first consider the case p — 0. Since the functions / and v h be¬ 
long to the space H s ^ l (Q T ) (or to ffjp{Q r)) and — XkV h 

for any p = 1, . . [s/2], we have for all t £ [0, T ] and for even 
s — 1 

S- 1 S -1 

I K \ s,Z Uh(t) = ( — 1) 2 ] fix, x) A 2 Vh{x) sin 1 /~\K\{t — x)dxdx 

Qt 

s -1 s- 1 

= (— 1) 2 ^A 2 f(x,x)-v h {x)sinY\l h \(t — x)dxdx = a k {t), 


where 


l L C — ± 

al (*X j sin 2 ]/] X k | (t — x) dx- j dx ( j A 2 f(x, x) • v h (x) dx ) 2 

0 0 D x 

T s-1 

f(x, t)-v k (x)dxy 
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s— 1 

Since A 2 f£L z (Q T ), by Lemma 6 the number series 

T s-1 

j A 2 f{x, t) Vh (x) dt converges and 

o D t 

T SjM 

j ( j A 2 f(x, t) v k {x)dx) 2 dt 
0 D t 

5-1 

-J (A 2 /) 2 dxdtc^C' || / HffS-i(Q T ). 

q t 

oo 

Accordingly, the series 2 a t(t) converges uniformly on [0, T] and 

h=l 

2 52(t) <^'||/|]^- 1(Qr) = c||/||^- 1(Qr) . 

h=l 

When s — 1 is odd, 

IM s/ 2 f M 0 

g-2 5-2 

= ( — 1) 2 l^ftl 172 j A 2 /(*, X)v k (x) sin Yl^lXt—x) dxdx 
Qt 

s -2 5-2 

= ( — 1) 2 j A 2 f(x, x )v k (x)d (cos V\^ k \ (t —t)) dx 
Qt 

5-2 5-2 

= ( —!) 2 { j A 2 f(x, t) v h (x) dx 

D t 

5-2 

— cos Y | X k 1 1 j A 2 f(x, 0) v h (x) dx 

Do 

t 5^2 

— j cosy I X*|(t — t) [ j a 2 f x {x, t) V k (x) dx ] dv} 

0 D x 

= a ( k \t) + a{ 2) (t) + ai 3) (t) = a h (t). 
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where 


a- 2 


j aji 1 * (t) | 2 = | j A 2 /(x, t) v h {x) dx | 2 , 

D t 

_ 8-2 

l«h 2> (t) | 2 <| j A 2 /(x, 0) v k (x) dx J 2 f 

Do 

_ Ti ^ 8—2 

l“h 3) (0l 2 <^ j ( j A 2 f t (x, t) v h (x) dx) 2 dt. 


0 D, 


s-2 s-2 

The function A 2 f(zH l (Q T ), so for all f£[0, T] A 2 f{x, t) £ 
£L z (D t ) and 


8-2 

2 


s-2 

2 


IIA /(a;, t) const || A /(x, 0 IIh*(Q t )const II /IIh'-kQj-)- 

oo _ 

Consequently, the series 2 I ® <2> (£)1 2 converges uniformly on 
[0, T) and 

S i l^ 2) (0| 2 <c (2) ||/||^- 1(Or ,. 


Since for any function G (x, t) £ H l (Q T ) the integral 



r 

j f G(x, t )G x (x, x)dxdx = o(l) 


converges absolutely as 

1 1 ' - r | o, f e [0, t], tr e to, n 


s-2 

the function || A 2 is continuous on [0, T}. Therefore for 

all f£[0, T] 

0 ° s-2 s-2 

2 ( j A 2 f(x, t)u ft (x)dx) 2 = ||A 2 /||l 2 -(D < ,<C||/|| 2 s- 1 

h=i D t 

and, by Dini’s theorem, the series on the left side of this relation 
(in view of Lemma 2, the terms of this series are continuous on 
fO, T 1) converges uniformly on [0, T). This means that the series 

21-0594 
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2 |a (1) 00 I 2 converges uniformly on [0, T] and 


fe=i 


2 la (1) (t) | 2 <C ,(1) ||/|| 2 s - ] 


&=i 


(Q t > 


s— 2 


Further, the function A 2 ft(zL z (Q T ), therefore, by Lemma 6, 

oo T s — 2 5 — 2 

2 J ( J A 2 /*(*» f ) M x ) dx ) 2 * = || A 2 ft ||l, ( q t )<C II / ||h«-i. 


ft=l 0 D t 


\Q t )’ 


oo __ 

Accordingly, the series 2 | a<3) (01 2 converges uniformly on the 

h— 1 

segment [0, T] and 


oo __ 


S i |S <s ’ffll ! <c«>|i/|£„ (<!Tl . 


Thus the series 2 (f) converges uniformly on [0, 7 1 ] and its 

fe=i 

sum 

2, 3(0 < C ||/||“ 

This establishes Lemma 3 for p — 0. 

When p — 1, the proof is analogous. According to (49'), (50), 
for even s — 1 


S- 1 


S — < 


5— 1 


I | 2 ^=( — 1) 2 | f(x, t) A 2 v h (x) cos V | | (it — t) dx dx 

Q t 

S- 1 5-1 

= ( — 1) 2 J A 2 f(x, i)-v h (z)cos ]/ | X h | (t — t) dx dx = jj k (f). 
Qt 

Since 

r 

P 2 (f)< T j dt ( j A 2 f(x, t) v k (x) dx } 2 , 


o D, 

00 oo 

the series 2 Ph(0» like the series 2 (0> converges uniformly 

ft=l h=l 

on [0, T] and 

2 fk(t)<c\\f\\ 2 H ,- l y 

h=l * 
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When s— 1 is odd, 

w'% 


1 f-2 


— (— 1) 2 | K h f j A 2 / (x, t) v h ( x) cos Y I |(* — T ) dx dx 

Qt 

s— 2 3—2 

= ( —1) 2 (siny |% h \t- j A 2 f(x, 0 )v h (x)dx 

Do 

s— 2 

+ | A 2 / T (x, x) u fe (a:) sin | (£ — x) dx dx^ 


= fk\t)+W\t) = f k (t). 


Since 


S — Z 

l!i 2) W| 2 < (J A~/(x, 0) u„(x)^) 2 , 

D„ 

_ T s-2 

|fh 3) (0 l 2 < T ^ ( j A 2 / X (x, t) V h (x)dx Y dx, 


0 D r 


the series 2 (pftfy)) 2 (like the series 2 (o4 s) (f)) 2 ), s = 2, 3, and 

fc=i h=i 

oo _ 

thus also the series 2 Pft(0 converge uniformly on [0, T ] and 


2 i ?2(0<c , ii/ii h ^i (Q t) . 


This completes the proof of Lemma 3 for p = 1. 

Suppose now that p > 2. Since the function U h (t) satisfies the 
differential equation Ul — k k U k = f k , for even p, 2 < p < s, 
we have 




P-2 

2 


p- \ 


fh + K 


d 2 fk 


dt 2 


r dtP ~ 2 * 


and for odd p, 2 < p-<s, 

p-i 


fWft _ 1 2 
dtp A ' ft 


dt 


p-3 

\ 2 dfk 


dt 


+ 


dP~ 2 fk 

dtP-2 ■ 


21 * 
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Therefore Lemma 3 will have been proved for any if we 

oo 

show that for any q, 0^q^s—2, the series 2 

b=l 

converges uniformly on [0, T\ and the inequality 

i i^r ! -*(w) 2 < c ii/iiH«<v 


h=l 


holds, where the constant C >■ 0 depends only on Q T . 
When s — q is even, by Lemmas 2 and 5 we have 


D, 


s-g- 


s-g- 2 


= (-l) 


J 


s-q-2 

2 dlf (x, t) 


dtl 


v k (x ) dx=y h (t) 


s-q-2 


for all f£[0, T ]. Since A 2 H i (Q T ), we find that for any 


«€ 10, T), A 


i-q-2 
2 dl f 

dtl 


£ L 2 (D t ) and the function 


s-q-2 

A —2 —d*f(x, t) 112 
a dig 




is continuous on [0, T]. Hence the series 2 Vh(t) converges uni- 

h=l 

formly on [0, T ] and 

s-q-2 


2 dlf(x, t) 
dtl 


2 is w- 

ft=i 

Let s —q be odd. Then for all f£[0, T ] 

s—g—2 




Wh 

dtl 


s-q-3 


s-g-3 


= (-1) 2 I I s j A 2 v h (x)dx=VJK'\y k (t). 


s-g-3 


s-g-3 


Since A 2 G (<? r ) (or H 2 ^ (Q T )), by Lemma 5 A 2 


dig 


01 l {D t ) (or //* (H t )) for any f£[0, 7 1 ] and, moreover, the function 

'—g—3 

^h-(d ) * s C0nt i nu0us on [Of T\. Since for any t£[ 0 , T ] 


A 


dtl 
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2 Y&)(|A*| + 1) = 

k=i 


s-«-3 



Mf 

dtl 


2 

W(D t )’ 


and, more so, 
[0, T] and 


the series 2 

ft=i 


the series 2 Vu (t) (1^*1+1) 

h=l 

converge uniformly on 


2 y*wim< 


k=i 


s-q-3 


dlf 

dtl 


HHD t ) 


<C|I/IIh~ 


\Q t ) • 


I 


As already noted, if the given functions do not satisfy conditions 
of the type (56) and (57) for the first mixed problem or (58) and (59) 
for the second mixed problem, then Theorems 3 and 4 are not valid. 
Nevertheless, if we wish to establish only the smoothness of gen¬ 
eralized solutions and not the convergence of Fourier series in the 
corresponding space, the conditions (56), (57) and conditions (58), 
(59), respectively, can be very much relaxed. Let us consider, for 
example, the first mixed problem. 

Theorem 3'. Let dD € C\ <p 6 H\D), i|> 6 H S ~\D), f € H S -\Q T ), 
for s> 1 and let the following compatibility conditions be fulfilled a 


<P|dD = 

and, for s^2 


f—1 

j- s-l j 1 2 •* rs-3 


•-[A 1 ’ 2 V+ 21 A l% ' l '‘Sf ]|„ Bt -0 ( 64 ) 


i=0 




<U«,-...-[A ll,1 ' I *+ 2 A [2, ‘ 2 ‘‘|S]| m «0 (65) 

i=0 


(it is assumed that for s < 0 2 a t — 0). Then the generalized solu¬ 
te 

tion of the first mixed problem (44)-(46) belongs to H’(Q T ). 

The compatibility conditions (64) and (65) in Theorem 3' have 
the form 

<p!ao =0 


when s = 1, 


when s — 2 and 


<p|ao = tylan — 0 


<p|an = i|J|an = 0, (Acp + /)|an, = 0 

when s — 3. Since f £H s ~ l (Q T ), its trace f\o 0 belongs to H‘~ 2 (D 0 ) 
by Remark to Lemma 5. Consequently, with s^3 for any 
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p-3j . ^ 

i = 0, ^ s ~ j there exists the trace A 2 d - 


any i = 0, [y] — 2 with s^4 the trace A 


<5I 21 |3Do 
[ -§-]-2- i g 2 i+lf 


or for 


dt 2i+1 I3Do 


belonging to L z (dD 0 ). 

Proof. When s = 1, the conclusion of the theorem is evident. 
When s — 2, it follows from Corollary 2 to Theorem 3. Let us prove 
the theorem for s = 3; for s > 3 the proof is analogous. 

Together with problem (44)-(46), we consider the problem 


vtt Ay = ft, (66) 

y|<=0 = ^, (67) 

u ( |t=o = A<p + /|d 0 (68) 


The existence of generalized solution v(x, t) of the problem (66)-(68) 
is guaranteed by the hypotheses of the theorem. By Corollary 2 to 
Theorem 3, the function v{x, t) belongs to H 2 (Q T ) and is an a.e. 
solution of the problem (66)-(68). We shall show that v = u*. 
Evidently, the function 

i 

w(x, t) = (p(z) + ( v(x, t) dx 

*0 


belongs to H 2 (Q T ), and 

t 

Vw = Vq> + j Vv(pc, x) dx, 
o 

wf= v. 


Since i; is a generalized solution of the problem (66)-(68), the func¬ 
tion w satisfies the integral identity 

j (V«W*1 — WtMt) dx dt = j (/-f Aq>) t] dx+ j f t r\dxdt (69) 

Qrp Do Qj> 

for all x\^H\Q t ) such that 

tl(n T = 0, Tl|r r = 0. (70) 

Let T) £ C 2 (Q t ) and satisfy the conditions 

*]|D r = t] t |D r = 0 t T]|r T = 0. (71) 
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Then 

j (Vw t Vr\ — w ti r\ t )dxdt 
q t 

= — j — w t r\ tt )dx dt— j (V<PVt] — ijrnt) dx 

Q t Do 

== —j (V^Vilt — w l r\ tt )dxdt+ j (Aq> • i] + i|5i]i) dx 

Q t Do 

and 


f f t y\dxdt= — j fr] t dxdt— j fr\dx. 

Q t Q t Do 

Substituting these inequalities in (69), we obtain 

j (VwVr|t — w t t] u ) dx dt= | i|n) t dx + j fr\ t dx dt. 

Qrp Do Qfjt 

Since, for any function £(x, t) belonging to C 2 {Q T ) and satisfying 
conditions (70), we can find a function r\{x, t) in C 2 (Q T ) which 

T 

satisfies conditions (71), such that t, = r\t (t](x, t) — —j £(x, t) dx ) , 

t 

the function w satisfies the integral identity 

j (V«>V£— iv t tt) dxdt — j dx-j- j ft, dx dt 

Q t Do Q t 

for all £(x, t) belonging to C 2 (Q T ) and satisfying conditions (70), 
and, consequently, also for all £6 W-{Q T ) satisfying conditions (70). 
Since the generalized solution of the problem (44)-(46) is unique, 
w — u and hence v = ut. 

Thus u 6 HPiQr) and u t 6 H*{Qt)- Since u is an a.e. solution 
of the problem (44)-(46), for almost all t £ [0, T\, the function 
u(x, t) is an a.e. solution of the first boundary-value problem for 
Poisson’s equation 

A u = f u x 6 D t , 
u |eo f - 0, 

where / x = (/ + u u )\D t - By Corollary 2 to Theorem 3, u u | D t = 
= v t | o t 6 IP-fat),' so / x £ H*(Dt) and according to Theorem 4, 
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Sec. 2.3, Chap. IV, u £ H*{Dt) for almost all t £ {0, T ] and 
|| u || H »(Dp<const || /j ||hi(Dj)-< const {|| / ||h»(Dj) +1| u u ||h*(d,)] 

<;const [|| / ||ff 2 ( Q r ) + 1| i|) ||h»(D) + 1! Aq) + / ||h>(d 0 ) + 1| ft ||ffKQ T )] 

< const [j| / ||ff.(Q r ) +1| ^ Hhhd) + II <P IIh'(D)] • 

Hence u 6 H a (Q T ). | 


§ 3. GENERALIZED SOLUTION OF THE CAUCHY 
PROBLEM 

In the strip n r = {x 6 R n , 0 <; t < T) with certain T > 0, 
we examine the hyperbolic equation 

u t t — div (k{x) V^) + a(x) u — /, (1) 

where k(x) g C 1 (/? n ), a(x) 6 C(R n ), inf k(x) = k 0 > 0, 

x£Rn 

sup k(x) — k x < oo; it is also assumed that a(x) ^ 0. 

x£Rh 

A function u(x, t) £ C 2 (n r ) fl C 1 (n T (J {i = 0}) is called the 
classical solution of the Cauchy problem for Eq. (1) in the strip n r 
if in n T it satisfies Eq. (1) and for t = 0 the initial conditions 

*4=o = ?(.£), (2) 

U=o = ip (a:). (3) 

For any R > 0, let Q T , R denote the cylinder {| * | <;/?, 0< £ < T }, 
S T , R its lateral surface {1*1 = /?, 0 <t <. T }, D x , R , x 6 10, T], 
the set {| * | < R, t = t}; in particular, D 0 , R and D T , R denote 
the base and top, respectively, of the cylinder Q T , R . 

Suppose that u (*, t) is the classical solution of the Cauchy prob¬ 
lem (l)-(3) in the strip n r+ 6 with certain 6 > 0, where the function 
/(*, t) belongs to the space L 2 (Q Tt R ) for any R > 0. Multiplying 
(1) by an arbitrary function v(x, t), such that 

\v(x, t)£H l (Q TtR *» v{x,t) = 0 in n r \<?r,j Ro , 

V l D T,|R 0 = 0 ’ ^ l s T. Ro ~ ^ 

with some R 0 = R 0 (v) > 0, and integrating the resulting identity 
over the strip n r , we obtain by means of Ostrogradskii’s formula 

j ^k^uWv + auv — utVtfldxdt = j fvdxdt+i of(*) v(x, 0 )dx (5) 

n T ITj, Rn 

(in this identity the actual integration is taken over not the whole 
strip n r and the plane {* 6 -R n > t = 0} but only over the cylinder 
Qt,r 0 and its base Do,r 0 , respectively). 
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Let f(x, t) 6 L z (Q t , h ) and i|)(x) € L 2 (l x | < R) for any R > 0. 
We introduce the following definition. 

A function u is called the generalized solution of the Cauchy prob¬ 
lem (l)-(3) in the strip II r if it belongs to H 1 (Q Ti R ) for all R > 0, 
satisfies the integral identity (5) for all v which obey condition (4) 
for some R 0 = R 0 (v) > 0 and satisfies the initial condition (2) 
(that is, u(x, t) |c o R = q>(x) for any R > 0). 

Apart from the notions of classical and generalized solutions 
of the Cauchy problem (l)-(3), we can also define an a.e. solution of 
this problem. 

A function u is said to be an a.e. solution in II T of the Cauchy 
problem (l)-(3) if it belongs to IP(Q T , R ) for all R > 0, satisfies 
Eq. (1) for almost all ( x , i) f 1I T together with the initial condi¬ 
tions (2) and (3) (that is, u\n o R = qp, u t |d 0 r — for any R > 0). 

It was shown above that a classical solution in II x+6 (for any 
8 > 0) of the problem (l)-(3), where / belongs to L 2 (Q T , r) for 
any R > 0, is a generalized solution in II T of the same problem. 
It can be similarly established that an a.e. solution of the problem 
(l)-(3) (in n r ) is also a generalized solution (in II T ) of the same 
problem. 

Just as in the case of mixed problems, it is easy to show (compare 
with Lemma 1, Sec. 2.1) that if the generalized solution in II T of the 
problem (l)-(3) belongs to IP(Q T , R ) for any R > 0, then it is 
also an a.e. solution, and if it belongs to C 2 (II T ) f| C 1 (II T U {£= 0}), 
it is a classical solution. 

We shall now prove the existence and uniqueness theorems regard¬ 
ing the generalized solution of the problem (l)-(3). For this we 
require the following auxiliary proposition. 

Take aj number y >V^i (K = sup H x ) < °°)- Let t 1 be any 

scGfin. 

number greater than T and x° a point in R n . We denote by K ti , % (x°), 
t 6 (0, T], the truncated cone {| x — x° | < y (^ — t), 0 < t < t)- 
lying in II r , by (x°) its lateral surface, , x (x°) = 

= (| x — x° | = y {t x — t), 0 < t < t}, by D e . V (t,-e) (^°) the set 
(| x — x°| < y (*i — 9), t = 6}» 0 ^ 0 ^ t (then Do.yti (i^ 0 ) an d 
Z> T , y((,-t) (x°) are its base and top, respectively). If x° is the origin 
in the space R n , then the cone x (x°) = K tl , x (0) will be denoted 
by Kt t , x and the surface r <lt x (0) by Tt,, x* In this case D x ,y (t,-x) (0) = 
= D x , y(ti-x) and, in particular, Do,yt t and Dt, y(u-T) are the 
base and top of the cone K tu t* 

Lemma 1. For certain t x > T and x° 6 R nt let the function u(x, t) 6 
6 H\K tu T (x*)), w|D 0>vtt (*O) =0 and 

j (k(x) VwVu + o,uv — UtVt) dx dt — 0 (6) 
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for all v satisfying the condition 

v e H'(K tu T (*»)), v = 0 in n T \K tl> t (x°) , 
v l°T, = °> v |r tt> T(**) — °* 

Then u — 0 in Kt u r (x°). 

Proof. Evidently, it is enough to establish the lemma for x° = 0. 
Take any x £ (0, T], and in K tl , r consider the function 

e<*> 

j u (x, z) dz in K tux , 

t 

0 in Ki u i\Kt u x, 

where 


v(x, t) 




9 (*) = 


{ 



for yfti— T)<|«|<Y« lt 
for |x|<Y(fi —t) 


(t = 0(z), | x | < yt x , is the equation of the surface Ft,, T U D x , y(ti-T))- 
The function v(x, t) belongs to H 1 {K tu t), v|r (l v — 0, 
v\d x , y(tl -x') ~ ^ ^ or all %> € I T » jH* and generalized derivatives 
of v have the form 


{ 0(3C) 

j V«(z, z)dz-{-u(x, 0(z)) V0 in K tu x, 

0 in K tuT \K UtX , 


(7) 


vt = 


{ 


— u(x, t) in K h ,x, 

0 in Kt u x\K. tu x . 


( 8 ) 


One can verify this most easily as follows. Since u 6 H\Kt u t), 
there is a sequence of functions u s , s — 1, 2, . . ., in C\K ti ,T) 
which converges to u in H l (Kt ly x). Consider a sequence of functions 
Pi, v 2 , ... belonging to C\Kt t , r): 


Vm( x i t) — 



u m (x, z) dz in K tu% , 

0 in Kt u t\Ku,x> 


where t, m (t) is equal to 1 for t < t(1 — 1/m), to 0 for t > t, 

dlm 1 C 0 m. For any 
that the se- 


dt 

show 


o < < 1, tm.(t) 6 C 1 (— OO, +oo), 

T € [T. T\ V m | rij x , y pj.,' = 0- 

quence v m , m = 1, 2, . . ., converges to v in H^Kt^ t). Indeed, 
the sequence v m , m — 1, 2, . . ., obviously converges to v in 
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L t (Kt u t) and the sequence Vv m , m = 1, 2, . . 

, e<*) 

= I (*) j Vu m (x, z) dz + tm(t) u m (x, 0(x)) V0 in K u T , 


VV; 


in K tliT \K tuX 


converges in L^K^.t) to the vector function Vu defined by (7) 
(that is, (v m ) Xi -*• v xii i — n, as m->- oo) and since, as 

to —V oo, 

6(3C) 

5 (i u,h(x, z) dz j dx dt 

K tt, X^ K ti, x(l - l/m) * 




j i4i(x, z)dxdz 


K t u x^ K t t , x( 1-1/m) 


<2C*r 2 [ j (u — u m ) z dxdt + j u 2 dxdtJ->-0, 


Mi.ir 


x s ' K t u x(l - l/m) 


6(x) 


the sequence v t t, v 2 u • • •, 

— Cm(*) M m (*. *) + Sm(<) j «m(*. *) dz in T , 

T 

0 in K til T\Kt,,x, 


Vmt 


-I 


converges in L 2 (K tu t) to the function v t defined by (8). 
Substituting v in identity (6), we obtain 

0 (*> 

j k(x) Vu(x, t) j Vu(x, z)dzdxdt 
K h, x ' 

-}- j Jc(x)u(x, 6(x))Vu(x, t)V0dxdt 

K t„x 

— j a(x) v t v dx dt -f j utudxdt = 0. (9) 

k L x k L x 

Since ^|r jiiT un TiV(<1 _ x) = 0, we have 

j aw t dxdt=—^ j av 2 dx<^ 0. (10) 

K *i,x D o,yt t 

Similarly, since u| Do Y<1 ==0, 

j uutdxdt = ~ j u 2 (x, 0(x))dx. (11) 

K tuX l*l<Y«i 
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e(x) 


K 


U. * 


Since 

j k(x) Vu (x, t) j Vu(x, z) dz dt dx 

t 

e(x> e(x) 

= \ k(x) \ Vu(x, t) f Vu(x, z)dzdtdx 

|xl<V<» *0 i 

0(*) 6(x) 

j k(x) j Vu (x, t) j Vu (x, z) dz dt dx 

<v<t 0 0 

0 ( 5 C) t 

— j k(x) j Vu {x, t) j V« (x, z) dz dt dx 

|x|<Yt, o o 

0(*) 

— j k(x) | j Vu(x, t) dt 

6( X) 

— j k(x) j Vu(x, z) j Vu(x, t) dtdzdx a 


|*|<Y<t 


l*l<Yti 


' dx 


0(x) 




according to (7) 


6(x) 


K. 


j k(x)Vu(x, t) j Vu(x, z)dzdtdx 

ti. * 1 

0 (*) 

= -j- j k(x) | j Vu(x, t) dx 


ixl<Vi« 


0 
0(x) 


= —■ j k(x) n j Vu{x, t) dt + u(x, d(x)) V0 

l*l<Y<» 0 

0 (») 

— 2 u(x, 0(x))V0 j Vu(x, t)dt — u 2 (x, 0(x)) | V01 2 J dx 
o 

^ j k(x) u(x, Q(x)) V0Vu(x, t) dx dt 
K U,z 

—j k(x)u 2 (x, 0(*)) | V01 2 dx. 
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Hence 

6 (*) 

j k(x) V«(x, t) j Vu(x, z)dzdtdx 
t 

-j- j k(x) u(x, 0 ( x)) Vu-yQdx dt 

K U,r 

^ j k(x) u z (x, 9(x)) | V0 j 2 dx 

1 xl<yti 

j u 2 (x, G(x)) dx. (12) 
|xl<Vii 

If we insert relations (10)-(12) into (9), we find that 
(l— j u 2 (x, 0(z)) dx^O which implies that 

j u z (x, x)dx — 0. And since t£(0, T) is arbitrary, this 

dt, y(h-z) 

means that u = 0 in K tu r- | 

From Lemma 1 there readily follows a uniqueness theorem regard¬ 
ing the generalized solution of the Cauchy problem (l)-(3), and 
therefore also regarding an a.e. solution and the classical solution. 

Theorem 1. The Cauchy problem, (l)-(3) cannot have more than one 
generalized solution, one a.e. solution and one classical solution. 

Proof. Let u x and u 2 be generalized solutions (and, in particular, 
a.e. solutions) of the problem (l)-(3) (/ £ L 2 {Qt, R ), 6 L 2 (| x | <ZR) 

for all R > 0). Then their difference u x — u 2 satisfies the hypotheses 
of Lemma 1 for any t x > T and x° £ R n . Therefore u x = u 2 . 

If u x and u % are classical solutions of the problem (l)-(3), then 
their difference u x — u 2 is a classical solution of the same problem 
in which the functions /, <p and are equal to zero; therefore u, — u t 
is a generalized solution and consequently u x = iz 2 . | 

Let (p £ H 1 ^ x | < R), if 6 L 2 ( | x | < R), f 6 L 2 (Q T , R ) for any 
R > 0. For each m, m_== 1, 2, . . take an infinitely differentiable 
function £ m i x -> 0 in n T such that it is equal to 1 in K SmT , T and 
to zero in n r \A 8 (m+i/ 2 )r, t» and let u m \x, t) denote the general¬ 
ized solution in the cylinder Q Ti 8(m+i)Tv of the following mixed 
problem: 

u mt t — div (k(x) Vu m ) -f a(x) u m = f m (x, t ), 

Um I Do, 8(m+l)Ty = l f >m (*)> 

U ™il Do, 8(tn+l)Ty~ ( X )’ 1^) 

u m I St, 8(m+i)Ty = 0* 
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where <p m ( x ) = cp (x ) Cm (x, 0), \|) m (*) = (x) Cm (x, 0), f m (x, t) = 

= / (x, t) Cm (x, t). This means that the function u m belongs to 
Z/ 1 (Qt , 8(m+i)Tv)i satisfies the initial condition U m |D 0 , 8(m+l)TV — 
= 0 and satisfies the integral identity 

j ( k(x) Vu m Vu + au m v — u mt v t ) dx dt 

0>T, 8(m+l)Tv 


j f m v dx dt 
Qt, 8(m+l)Tv 


+ J V(X, 0) dx, 

m== 1, 2, ..., 

(14) 

D 0, 8(m+l)Ty 



for all v £ H\Q T , 8(m+i)Ty) such 

that V |d Ti 8(m+!)Tv 

= o. 


V 1st, 8(m+l)Tv 

Since <p m £ tf 1 (Z) 0 , 8(7n + 1 > TV ) (q> € 8(m+1)rv ) and is equal 

to zero for 8(m + 1/2) Ty < ] x | < 8(m -j- 1) Ty), in view of 
Theorem 1 of the preceding section the generalized solutions u m 
exist. 

Take any point x° £ R n such that | x° | = (8m + 6) Ty and in 
identity (14) substitute an arbitrary function v satisfying the fol¬ 
lowing condition: 

v £ t {x°))i v — 0 in t Or 0 )) 

V I DT t Ty( x °) ~ V l r 2T, t(*°) = ® 

(it is not difficult to see that such a v belongs to H X {Q T , scm+urv) 
and that its traces on D r , stm+vrv and S T , s(m+i>rv are zero). 
Applying Lemma 1, we find that u m — 0 in K 2 t, t ( x °). Since x 
is an arbitrary point on the n-dimensional sphere (| x j = 
= (8m + 6) Ty, t — 0}, u m = 0 in the cylindrical layer 
{(8m + 5) Ty < | z | < (8m + 7) Ty, 0 < t < T). 

Let u m (x, t) be a function equal to u m (x, t) in Q T , <8 m +6)ry an( l 
to zero in II T \^ r , (8m+6):rY , m = 1, 2, .... Evidently, the func¬ 
tion u m , m — 1, 2, . . ., belongs to the space IP-(Q Tj R ) and 

“m|D 0iH = <Pm (15) 


for any R > 0. 

Take an arbitrary function v satisfying condition (4) with some 
R 0 = R 0 ( v ) > 0. If R 0 < (8m + 7) Ty, the function v may be 
substituted in (14). And since u m (x, t) — u m (x, t ) in Q T , < 8 m+ 7 )rv> 
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we have 

j (kyu m S/v + au m v — u mt vt)dxdt 

Tlj, 

= j f m vdxdt+ j y m (x)v(x, 0 )dx. (16) 

n r R n 

Suppose that R 0 > (8m -f 7) Ty. Since u m = u m in <?r, ( 8 m+ 7 )r v 
and u m = 0 in n T \<?r, ( Sm +5)rv (i Q Qt, (8m+7)Ty\Qr, (8m+5)ivt 
u m — u m — 0) , we have 

f (kVu m ■ Vv + au m v — u mi v t )dx dt 
ti T 

(kVu m • Vy + au m v — u mt v t ) dx dt. 

Qt, (8m+b)Ty 

Taking an infinitely differentiable function £ m (x) in II r that 
is equal to 1 in ( 8 m+ 5 )Tv to zero in nr\^j> ( '8m+7>Tv ood 
substituting the function y£ m in (14), we obtain 

(&Vu m • Vy + au m v — u mt v t ) dx dt 

Qt, (8m+5)Tv 

(kvu m ■ V (yfm) + au m (vZ m ) — u mt {vl m )t) dx dt 

Qt, &(m+l)Ty 

= | fmV dxdt+ j \jj ro (x) V (x, 0) dx 

n T R n 

(n»i = 0 in Q t , (8m+7)T? N \^T, (8m+5>TV’ /m = ^ ID njr\^r, (8m+4)TV 

and \J) m = 0 in {| x | > (8m + 4) Ty}). 

Thus the function u m satisfies the integral identity (16) for all y 
which satisfy condition (4) for some R 0 = R 0 (y)>0. Consequent¬ 
ly, the function u m is a generalized solution in II r of the Cauchy 
problem (l)-(3) with functions <p = qp m , if = t]> m , / = f m , m = 
= 1, 2, .... Since the function u m ’ — u m (we assume m' > m) 
is a generalized solution in II T of the Cauchy problem (l)-(3) with 
functions <p = <p m ' — tp m = 0 for | x | < 8mTy, ip = = 

= 0 for | x | < 8 mTy and / = / m - — / m = 0 in K 8mT , t, by Lem¬ 
ma 1 u m ' — u m — 0 in K 8mT , T . That is, for all m! ^ m u m ' = u m 
in Ksmn r> and therefore^ also in Q T , (8m-i>rv* This means that the 
sequence of functions u x , u 2 , . . . converges almost everywhere 
in II r to some function u ; moreover, for any R > 0 there is a num- 
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ber TV = N(R) ( N(R) = l + [-^*-]) such that u = u m = u m 
in Q t , r for all m TV. From (15) and (16) it follows that n| t==0 = q> 
(for any R > 0 and m > N(R) cp m = <p in D 0 , R and tp m = u m \ Do< R = 
— w|n 0 R ) and u satisfies the integral identity (5) for all v obeying 
condition (4) with a certain R 0 — R 0 (v) > 0. 

Consequently, u is a generalized solution of the Cauchy problem 
(l)-(3) in n T . Thus we have established the following result. 

Theorem 2. If <p(x) £IP(\x | < R), \|3(a:) 6 -Ml * | < R) and 
f £ L 2 (Q T , h ) for any R > 0, then the Cauchy problem (l)-(3) has 
a generalized solution in II r . 

Note that we have also proved the following result. For R> 0 
there is a number TV = N(R) such that for all m >■ TV the general¬ 
ized solution u of the Cauchy problem (l)-(3) in the cylinder Q T , R 
coincides with the solutions u m of the mixed problems (13). 

We shall now examine a particular case of Eq. (1), the wave 
equation (k == 1, a = 0 in (1)) 

u t t — Au = /. (17) 

Suppose that with a certain integer s > 1 <p £ H‘( | x \ < R), 
rpeH'-Hl x]<R), f g H 3 ~\Q t , r ) for any R > 0. Then by 
Theorem 3, Sec. 2.4, the generalized solution u m (x, t) of the mixed 
problem (13) (with &==1, a == 0) belongs to H S (Q T , 8<m+Drv) 

(<Pm — £m(£, 0) (p(x) £ H^(D 0 , 8(m+l)rv)i 
= Z,m(x, 0) iKa:) 6 H% l (D 0 , 8 (m+l)T V ), 

fm — tmfdll&'iQT, 8(m+l)Tv)). 

Consequently, for any R > 0 the generalized solution u of the Cauchy 
problem (17), (2), (3) in II T belongs to H a (Q T , R ). 

Thus we have proved the following theorem. 

Theorem 3. If for any i?>0{p6Jy s (|x|<; R), \p g H S_1 (| x | < R), 
f £ H s ~ l (Q t , r ) with certain integer s> 1, then the generalized solu¬ 
tion of the Cauchy problem (17), (2), (3) belongs to H S (Q T R ) for any 
R> 0. 

Since for any R > 0 the generalized solution of the Cauchy prob¬ 
lem belonging to IP(Q T , r ) is an a.e. solution of the same problem, 
from Theorem 3 (with s = 2) there follows the following result. 

Theorem 4. If <p 6 H 2 (\ x | < R), g HH\ x | < R), /£ 

6 H 1 (Qt, r) for any R > 0, then the Cauchy problem (17), (2), (3) 
in n T has an a.e. solution. 

Note that the orders of smoothness of the initial functions and 
right-hand side of the equation that guarantee the existence of the 
generalized solution or an a.e. solution of the Cauchy problem do 
not depend (Theorems 2, 4) on the dimension of space. 
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Let s = [y j + 3. Then, by Theorem 4, Sec. 2.4, the generalized 

solution u m (x , t) of the mixed problem (13) (with k= 1, a = 0) 
is a classical solution of this problem. Consequently, the general¬ 
ized solution u(x, t) of the problem (17), (2), (3) is a classical solu¬ 
tion of the same problem. 

Thus we have proved the following theorem. 

Theorem 5. If cp £ # 1t1+3 (I * | < R), t|> € # [t ^ 2 (| x | < R), 

/ 6 H lz {Q T , R ) for any R > 0, then the Cauchy problem (17), 
(2), (3) has a classical solution. 

We supplement Theorems 4 and 5 regarding the existence of 
an a.e. solution and the classical solution of the Cauchy problem (17), 
(2), (3) by proving the following assertion. 

Theorem 6. Let u be an a.e. solution of the problem (17), (2), (3) 
in n r or a classical solution of this problem with f £ Li(Qt, r) f or 
any R> 0. Then for any R > 0 and any t, 0 < t < min (R, T) 
the inequality 

E l R \t) < Er 2 (0) -f 2 ]/71| / \\l 2 (k r> t) (18) 

holds , where 

E R (t) | (i*i + |Vu I 2 ) dx, (19) 

D t, n-t 

D x , r - x = {\x\<R — x, t = t}, 

Kr,x = {\x\ <R — t, 0<f<-r}, t£[0, min (R, T)]. 

Proof. Take any t 6 (0, min (R, T)), multiply identity (17) by u t 
and then integrate it over the truncated cone K R , X : 

( u tt u t — u t Au)dxdt = ^ fu t dxdt. 

Kr, t ^R, t 

According to Ostrogradskii’s formula, we obtain 


D. 


J {u\ I Vu p) dx — j (f 2 + |Vcp \ 2 )dx 

D o. R 

n 

+ J [(Wt + | Vu\ 2 )n 0 — 2u t 2 u Xi n t jdS = 2 j fu t dxdt, 


x, R-x 


L fl, T 


2 = 1 


R, x 


where r Hit is the lateral surface of the cone K R , T , T h>t = 
= { | a; | — R — t, 0 < £ < t} and ( n 0 , n x , . . ., n n ) = 

= (— -, .. ., ——_ Xn -) is the outward normal vec- 

V l/2 ’ 1/2 (R — t) V2 (R — t) > 


V 2 ’ Y2(R — t) 

22-0594 
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tor to T Hi t;. Since on T Ri x 


(u* +1 Vu I 2 ) n 0 — 2 u t 2 u Xi ni 


2=1 


2=1 


V2 


2 (t& 


2=1 


we have 

Er {YY-Er (0) + 2 j I /11 Ut I dx dt^.E R (0) 


K 


R, x 


+ 2\\f\\L 2( K R x) ( J (u* t + \Vu\z)dxdt) U \ (20) 

K R.x 


Since 2 | ab | = 2 
that 


a]/2 


sr b 


Y 2t 


6 2 


^2Ta 2 + - 2 ^-, it follows from (20) 


£rW< E r (0) + 2t || / \\1 2(Kr x) + ~ j (u! +1 Vu I 2 ) dx dt 

k r. X 

for all t £ (0, t). Integrating the last inequality with respect to 
t 6 (0, t), we have 

( (»! + 1 Vu I 2 ) dx dt<xE R (0) + 2t 2 || / \\1 2{Kr ) 

4.x 

+ T j (u? + |Vu|Va^, 

K R.x 


hence 


j (u? +1 Vu | 2 ) dx dt^2xE R (0) + 4t 2 || / ||! 2(Kr t) 

*R, T 

<(2/t^ /2 (0) + 2t||/|| L2(KRj t) ) 2 . (21) 

The inequality (18) follows from (20) and (21). | 
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Let u(x, t), x = (x x , x 2 ) 6 R 2 i be a (classical) solution of the Cauchy problem 


d 2 u , d 2 u 
Utt “ dx\ + dx% ’ 

«l<= 0 =< p> “t lf==o = 


(1) 


where the initial functions <p and t|) have compact supports: <p = \J; = 0 for 
| * |* = *f + * I > #!• 

1. Show that the function u(x, t) is analytic in the cone {| x \ < t — R 0 , 
t > #<,}• 

2. Prove that there is a constant C > 0 such that for all x 6 R 2 and t > 0 
the solution u(x, t) of problem (1) admits the estimate 


I u{x, t) | < 


_ C 

V~t^+V\t-\x\\) ‘ 


Moreover, if cp = 0 and tJj ^ 0, i|) ^ 0, then there are positive constants C 0 
and T such that 


u(x, t) > 


Co 


for all t ^ T and | x | ^ t — R g . 

3. Show that for any R > 0 there is a T > 0 such that for all (x, t) £ 
6 {| x | < R, t > T) the solution u(x, t) of problem (1) is the sum of the 
convergent series 

»(*.<)- 

m=0 


find c 0 and e t . 

Prove that if for some disc K 0 = {| x — x° | < r 0 ) (x° is a point of i? a 

and r 0 is a positive number) and all natural numbers l t l u(x, t) 0 uniformly 

in x £ K 0 , then u =s 0. 

4. Let <p £ C 2 (R 2 ) and i|> 6 C 1 (R 2 ), and let all the second derivatives of 
the function <p and all the first derivatives of the function belong to the class 
C a (R 2 ) (see Probl. 17, Chap. Ill) for some ct > 1/2. Prove that a classical 
solution of the Cauchy problem (1) exists. 

5. Let u(x, t), x = (x x , x 2 , x 3 ) £ R s , be the (classical) solution of the 
Cauchy problem 

d 2 u d 2 u d 2 u 

Utt ~ dx{ ' dxl + dx% ’ ^ 

u | 4=0 = <P. “tli=o= = 1 l 5 - 

where the initial functions cp and \|) have compact supports. 

Show that, for all x £ i? 3 and t > 0, 

| u{x, t) | ^ CIt, 

where C is a positive constant. 

6. Let u (x, t), x = (x lt x 2 , x 3 ) 6 i? 3 , belong to C 3 (Q \ {x°, f 0 }), where Q 
is a region in the four-dimensional space f? 4 and (x°, i°) is a point of Q, and 
satisfy the wave equation (2) in <J\{x°, Z 0 }. Show that u belongs to C 2 {Q) 
(that is, it can be redefined at the point (x°, t°) so that it becomes twice con¬ 
tinuously differentiable in Q). 

22* 
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7. Suppose that the function u(x, t) — v(x — nt), x — (x l5 x 2 , x 3 ), n = 
= (n 1 . n 2 , n 3 ) is a constant vector, belongs to C 3 (R i \L), where L is a line 
defined by the equation x — nt — 0, and satisfies the wave equation (2) outside L. 
Show that if u(x, t) — o (1/r), where r is the distance between the point (x, t) 
and the line L, then u(x, t) £ C 2 (7? 4 ) (that is, it can be redefined on L so that 
it becomes twice continuously differentiable in i? 4 ). 

8. Let u(x, t) be the classical or generalized solution in {t > 0} of the 
Cauchy problem for the wave equation 


u tt = Au + f(x, t), (3) 

u | t=0 = <p(z), u t I t=:0 = I|)(z), (4) 

and let ur(x, t) be the classical or generalized solution of the second mixed 
problem for the wave equation in the cylinder (| X | < 7i -f 1, t > 0}, R >0: 

(“r)« = Au r -|-/ r , 

“rUo=<pr, -Sr| |X | =R+1 = 0 ’ 

where cp R = <p, \|) R = ■»!) for | x | < R and / R = / for | x [ < R, t < R. Show 
that in any cylinder Q T = {x £ D 0 , 0 < t < T}, where D 0 is any ^-dimensional 
region and T any positive number, the difference u — ur = 0 for sufficiently 
large R. 

9. A solution of the first mixed problem for the wave equation in the cylin¬ 
der Qt — {* £ Dg, 0 < t < T} can be defined as follows: a function u(x, t) 
is said to be the classical solution of the first mixed problem for the wave equa¬ 
tion (3) if it belongs to C 2 (Q T ) f] C 1 ( Q T (J D 0 ) f] C(Q T U (J D 0 ), satis¬ 
fies Eq. (3) in Q T and the initial conditions (4) on D 0 together with the boundary 
condition 

itl r = %. (5) 

Show that this solution is unique. 

10. Establish the existence and uniqueness of the generalized solution of 
the third mixed problem (see Sec. 2.1) for the wave equation in the cylinder 
Q t = {x £ D 0 , 0 < t < T }: 

u H — Au = /(x, t), 

{•^+ a(x)U }|r r ==0, 

“l«=o = ?(*)• “t! i =o ==, K ;c ) 

(q> £ IPiDo), i|) £ L 2 (D 0 ), f 6 L 2 {Q T )) when the arbitrary function a(x) is 
continuous on dD 0 (without assuming that it is nonnegative). 

11. A function u(x, t) belonging to H 1 {Q T ) is called the generalized solu¬ 
tion of the problem 


uu = Au, 


(du , , 

V*T + 


(x, t) £ Q t , 
= 0 , 


u |j = o = ( p( x )> 
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where a(^) £ C(dD 0 ), 0 ( 2 ) > 0, tp £ H l (D), \p 6 L z ( D ), if it satisfies the 
initial condition u\ (=0 = cp and the integral identity 

^ ( u t Vf — VuVv) dx dt = j' ouvt dS dt-\- J ip vdx-{- a(fv dS 

Q t r T Do dDo 

for all v 6 C a {Q t ) such that v t 6 C 1 ((J- r ) and i>| t _ T = 0. 

Establish the existence and uniqueness of the generalized solution of this 
problem. 
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In this chapter we shall study the Cauchy problem and mixed 
problems for a parabolic equation of the form 

u t — div ( k(x ) Vu{x, t)) + a(x) u(x, t) = f(x, t). 

Here (x, t) = (x v . . x n , t) is a point of the (n + l)-dimensional 

space R n+1 , x 6 R n , t 6 R x \ Vv (x, f) = , ..., ) and 

div (^(x, t), .... w n (x, 0) = -^- + • • • + moreover, by 

A v(x, t) we shall mean div yv(x, t) = • • • + -|^-. The 

data of the problems will be assumed real-valued functions and 
tve shall study only real-valued solutions of these problems. There¬ 
fore the function spaces C p ' 9 , H p ’ q , ... to be used in what follows 
will be considered. as real-valued*. 


§ 1. PROPERTIES OF SOLUTIONS OF HEAT EQUATION. 
THE CAUCHY PROBLEM FOR HEAT EQUATION 

1. Properties of Solutions of the Heat Equation. Let us consider 
the simplest parabolic equation, the heat equation 

Xu = u t — Au = /(x, t). (1) 

First we construct in the half-space {t > 0} = {x £ R n , t > 0} 
some special solutions of the homogeneous heat equation 

Xu == u t — Au = 0. (1 0 ) 


* The definitions of spaces Cv,i and HP< Q are given, respectively, in Secs. 7.1 
and 7.2, Chap. III. 
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We first examine the case of one space variable, n — 1. The func¬ 
tion u(x , t) = w(x 2 /t) , depending only on x 2 lt, being a solution 
of the equation u t — u xx = 0 in {t > 0} satisfies the ordinary dif¬ 
ferential equation 

4 zw"(z) + (2-f - z) w'(z) = 0. 


The general solution of this equation on the semi-axis (0, oo) 

Z 

is given by the formula c t ^ e-^ 4 £~ 1/2 d£ + c 2 , where c t and c 2 are 


o 


x z /t 


arbitrary constants. Then the function Cj \ e-U%- U2 dt + c 2 is 

o 

a solution of Eq. (1 0 ) (when rc = l) in the regions {a:>0, i>0} 
and {x<C 0 , i!>0}. 


1 1 

Set e, = 0 and c, =- ■=■ for x > 0, while c, — - 7=- for x < 0. 

1 41/n 1 4/n 

The resulting function, as is easy to check, is continuously differen¬ 
tiable in the half-plane {x 6 R\, t > 0} and, consequently, satisfies 
Eq. (1 0 ) in this half-plane. Then any derivative (with respect to x 
or t) of this function, in particular, the first derivative with respect 


to x, V (x, t) — - 


X * 

4 - — 

We 4 ‘ 


2 Y nt 

Now let n > 1. To construct desired 
that if the functions v t (x, t), i = 1, . . . 
for n = 1 in the half-plane {x g R x , t 
v(x , t) = t) v 2 (x 2 , t) . . . v n (x n , t) 


will also satisfy this equation. 


in the half-space 
function 


solutions of Eq. (1 0 ), note 
n, are solutions of Eq. (1 0 ) 
> 0}, then the function 
is a solution of Eq. (1 0 ) 


{x £ R n , t> 0}. Therefore, in particular, the 


U (x, 


*)=n 



2 y nt 



(2 V nt)n 


is a solution of Eq. (1 0 ) in the half-space {f >• 0}. Then it follows 
that if (a 0 , t°) is an arbitrary point in R n+x , then the function 


U(x — x°, t — t°) = 


|X-3C0|2 

( 2 + n(t — t°)) n 


is a solution of Eq. (1 0 ) in the half-space {t > i 0 } = {x 6 R n ) t >* 0 }- 
This function is called the fundamental solution of the heat equation 
(with singularity at the point (a: 0 , t 0 )). 

Let us note the following properties of the fundamental solution. 
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If the function U(x — x°, t — t°) is extended as being equal 
to zero into the half-space {t < f°} = {x £ R n , t < t 0 }, then the 
resulting function will be infinitely differentiable in /? n+1 \{a: 0 , t 0 }. 

For all x° £ R n , t > t° 

J U(x-x\ t — t°) dx = ^ = (2) 

The function U(x — x°, t — t°) regarded as a function of vari¬ 
ables (a: 0 , t°) — (a:”, . . Xn, t°) is a solution of the equation 

n 

X*o, t oU(x — x°, “ 2 (18) 

i= 1 

in the half-space {t° < t} — {x° £ R n , t° < t}. 

Consider a strip (bounded by the characteristics of Eq. (1)) 
{0 < t < T) = {x £ R n , 0 < t < T}. As in the case of Laplace’s 
equation and the wave equation, let us establish, using the construct¬ 
ed special solutions (fundamental solution), in this strip the repres¬ 
entation of an arbitrary function u(x, t) belonging to C 2 ’ *(()<;£<; 7’)fl 
f) C(0 ^ t < T) in terms of the functions Xu = u t — Au and 
u(x, 0), the value of the function u(x, t) on the plane {t = 0} = 
= {x £ R n , t = 0}. We shall assume that the functions u(x, t ) 
and Xu(x, t) are bounded in {0 < t < T}. 

We take the functions l N (x) = £jv(l x |), N = 1, 2, . . ., which 
are infinitely differentiable in R n and satisfy the following condi¬ 
tions: = 1 for | x | < N, t, N {x) = 0 for | x | > N + 1 and 

I IA X ) I < C 0 , | V£n | < C 0 , | A Z, N I < C 0 , where the constant C 0 
does not depend on N. 

Let (1, t) be any point in the strip {0 < t < T }. Since the func¬ 
tions t, N (x) u(x , t ), N = 1, 2, . . ., and — x, x — t) belong 
to C 2 ' 1 (0 < t < t), from (1*) and the relation 

[X(u (x, t) t N (x)) = Z, N Xu — 2Vt JV • Vu — uAt, N 
it follows that 

U(% — x, x — t)(l N {x) Xu{x,t) — 2 V£, n (x)-Vu(x, t) — u(x, t) A£ N (x)) 

= U(l — x, x — t)X(u(x, t)l N (x)) 

— u(x, t)t, N {x) X* X 't (U(%—x, x — t)) 

= (u£ N U) t -j- (ut, N U Xi — (ut, N ) Xi U) x . 

i— 1 

for all (x, t) £ {0 < t < t}. 

We integrate the last identity over the cylinder 

{| x | < TV + 1, e < t < x — e} for some e 6 (0, x/2). By means 
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of Ostrogradskii’s formula, we obtain 

•t-e 

^ dt j t, N (x) Xu(x, — x, x — t) dx 

8 |x|<JV+l 

= j u(x, t — e) £ n (x) U(\ — x, e) dx 
|x|<JV+l 

— j u(x, e) C.v (?) U(l—x, x — e) dx 

|x|<JV+l 

x-e 

+ j dt j u(x, t) ■ At, N (x)-U (| — x, t — t)dx 

e iV<r |x|<N-|-1 

x-e 

+ 2 j' dt j Vu(x, t)-V£ N (x)-U (% — x, x — t) dx 

e JV<|xI<JV+l 

= ( u(x, x — e)t N (x)U (l — x, e)dx 

\x\<N+l 

— I u(x, b% n (x) U(^ — x, t — e) dx 

|x|<JV+l 

x-e 

— j dt j u(x , t ) A^ v (a:)• U (| — x, x — t)dx 

e JV<|x|<JV+l 
x-e 

— 2 ^ dt ^ u(x,t)Vl N (x)-'V x U(l,—x,x — t)dx 

8 JV<|x|<JV+l 

= A, e, N + -^2, e, N ~h ^3, e, N ~H A, e, W • (3> 

We pass to the limit in (3) first as N-+- oo and then as e -*■ +0. 
Since for all N = 1,2,... and all (x, t) £ {0 < t < x} 
| t, N (x) Xu {x , t) | ^ C 0 • sup ] Xu | (Xu is bounded in 

{0<«T> 

{0 < t < T}), in view of (2) 

f Xu(x, t)-U (£— x, x — t)|dx^C 0 sup \Xu(x, t)\ 

J {o<«n 

71 

for all t 6 (0, t). Consequently, according to Lebesgue’s theorem, 
we have 


lim lim 

8-*-0 N-+ 00 


t-e 

] dt I 


|x|<JV+l 


t, N (x) Xu(x, t)-U(% — x, x — t)dx 

X 

= j dt j Xu(x, t)-U (| — x, t— t)dx. 
0 R n 


(4> 
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Since for all N — 1,2,... and all ( x , t) £ {0 < t < t} 

| ^(x) u(x, £)| ^ C 0 • sup | u(x, t) | ( u is bounded in 

{0 <t<T) 

-{0 < t < T}), for all t 6 (0, x) 

\ |Cn(^) u(x , t)-U (l~x, %—t)\dx^.C 0 - sup | u(x, t) I, 

R J {0<t<T} 

R n 

hence 

lim \ t, N (x)u(x, t — e)•£/(| —x, e)dx 

N—OO J 

= j u(x, t —s) £7(5 — x, e) dx 

"n 

and 

lim f £ N (x) u(x, e) £/(| — x,r — t)dx 

= ^ u(x, e)t/(g— x, x— e) dx. 


|x|<W+l 


But the function u(x, t) is continuous and bounded in {0 ^ t t}, 
therefore 

lim lim/ lf e , a- = lim u(x , t — s)U(t- — x, e) dx 

e -*0 O e -»0 


( Jl ) n/2 e -*0 


lim f w(| + 2]/ a 8T|, t — E)e~^dr\ 

e-*-0 J 
R n 

= u (£’ T ) ~^nn~ J e -1 ’ 112 *] = «(£, x) 


(5) 


and 


lim lim / 2 , e , n~ i u ( x > 0) — x > x) dx. 

e-*-0 N-+oo * 


( 6 ) 


Since for all N = 1, 2, . . , and all (x, f) 6 {0 < t <C t} 
I u (x, t) A£ N (x) | < C 0 - sup | u (x, t) |, for all t 6 (0, x) 

{0<«T> 

\ I u(x, t) A^x) •£/(£ — x i x — £)|dx.<Co sup |u|. 

J {0 <«T} 


~PuJuc. Tftdt/ttimfti C-tiL t cA 




Consequently, 
lim lim I / 


€-*•0 N-+o o 


3, e, JV | 


X — 8 


<lim lim f dt f | u(x, t) At, N (x)-U(\ — x, %—t)\dx 
e-*• 0 N-oo v , J _ . 


iy<|x|<iV+l 


X-E 


<C 0 lim f dt lim f |u(x, t)|Z7(| — a;, t — f)dx = 0. (7) 

£-+• 0 J N-+OC .. , J .. 


N<lx|<iV+l 


Finally, we consider the term / 4 , e , w 1 Q (3)- Since for all ( x , f) £ 
€ {0 < t < t} and all N = 1, 2, . . . | S7t, N -u | ^ C 0 x 
X sup | u (x, t) |, it follows that for all t 6 (0, x) 

{0 <«T> 

j \u(x, t)V£, N (x)-S7 x U{l — x, t t) | dz<C 0 J j u(x, t) 11 V X U | dx 


^ C 0 ■ sup I u 

{0 <t<T) 


x — l\e 


n 

1*-SI 2 
4(t -t) 


dx 


| f __lf: _ 

J 2(T-«)(2/jl(T-«)) n 

where the constant 0 does not depend on N. Therefore 


lim lim /, 

£ —0 N-+oo 


4, e, jv 


=o. 


Y x—t ’ 


( 8 ) 


The desired representation for the function u follows from rela¬ 
tions (3)-(8). 

Thus, the following statement holds. 

If the function u{x, t) belongs to C 2 < 1 (0 < t < T) f| C (0 ^ t < T) 
is bounded in {0 < t < T) and the function Xu is bounded in 
{0 < t < T), then for any point (x, t) in {0 < t < T) the represen¬ 
tation 


u(x, t)= j u(£, 0) U (x — l, t)dl 


+ j dt j Xu(f-, t) U(x — £, t — x)dg (9) 


holds. 

Using representation (9), we shall establish some properties of 
solutions of the heat equation. 

Theorem 1. If the function u{x, t) belongs to C 2,1 (0 and Xu — 
= u t — Au = 0 in Q, where Q is a region in the (n + 1 )-dimensional 
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space R n + 1 , then u(x, t) 6 C°°(Q) and for any t° the function u(x, t°) 
(regarded as a function of variables x x , . . ., x n ) is analytic in Q f| 

n {* = t°}. 

Proof. Let (x°, t°) be an arbitrary point in Q. We assume that 
t° > 0 (this can be always achieved by shifting the origin). Take 
a 6 = 8 (x°, t°) > 0 such that the cylinder Q x0 , t0 ,26 — 
= {| x — x° | < 28, | t — t° | < 26} C Q fl {* > 0}, and let t (x, t ) 
be an infinitely differentiable function in )? n+1 which is equal to 1 in 
Qxo, to,a = (I * — x ° 1 < 6, | t — t° | < 6} and vanishes outside 
Q x o, to, 26 - Then the function u(x, t), which is equal to u(x, t) t,(x, t) 
in Q x0} to, 28 and to zero outside Q x „, to, 26 , belongs to C 2 - 1 (0< t < T) fl 
f) C (0 ^ t T) with T > t° + 28, is bounded in {0 < t < T} r 
coincides with the function u(x, t) in Q x0 , t o, 6 and u(x, 0) = 0; 
furthermore, the function X (u (x, t)) is bounded in {0 < t < T} 
and X(u) = 0 when (x, t) € Q x o, to, 6 as well as when (x, t) £ 
6 {0 < t < T}\Q X 0 , to, 26 - By (9),’ for all points (x, t ) 6 Q x0 , t o,e> 
we have 


I 

u(x, t)= j dr | U(x — l, t — t) X(u(l, x))d% 


to-6 

dx 

to -28 |oc°—1|<26 

t 


— V 

= 5*1 


|x-||2 

g(i,T) , e -'4(t-x) dl 


(t—x) 


n/2 


+ \ d \ I 


to-6 6<j3c0~|l<26 


8 ( 1 , X) 

(t—x) 


l*-EI 2 

4(t-t) 


n/2 


dir 


where g(l, t) = - y- )n #(»(£. T ))- 

From this representation it immediately follows that u(x, t) 6 
6 C°°(Q X 0 , to, e). Thus the first assertion of the theorem (the point 
(z°, t°) is an arbitrary point in Q) is proved. 

We shall now show that the function 


to-6 

u(x, t°) — j dx j 


g(l, X) 


l*-Sl 2 

4((0-t) 


10-28 |5cO-||<28 

to 


(t°-x) 


,n/2 


+ f dx J 


<0-6 6<|x0-||<26 


g(S. X ) 
(t° —T) 


.n/2 


dl 

i*-ii 2 

4 «°-T) ^ 

I*-SI 2 


= (<*1*. <‘») 
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where the region D = {| x° — g | < 26, f° — 26 ■< x <C t°}\ 
\{| g — x° | ^6, t °—6 s~gx ^ i 0 }, is analytic in some neighbour¬ 
hood of the point a; 0 . For this, in the (3 n -f- l)-dimensional (real) 
space R 3n+1 of variables x, y, g, t (x = (z x , . . x n ), y = 
= (Ui, ■ ■ ■, y n ), £ = (£i. • • •, in)) consider the region D 1 = 
= {| x x — x° | < 6/4, | y | <C 6/4, (g, x) £ D) and a complex¬ 

valued function defined in it: 


G(x, y, g, x) = 


g(I. x) 
(t° — t)”/ 2 


e 


i 

4 (tO-T) 


s 

h=i 


<.x h +iy h -t h ) 2 


g(S, X) 

(t 0_ T) n/^ 


IVl 2 -Lc-tl 2 
e e 


(*-£. V) 
4(10 —T) 


Note that for y = 0 the function G coincides (for \ x — x° | < 6/4, 
■(g, x) £ D) with the integrand function in (10). 

The function G and its derivatives G Xk and G v k , k = 1, . . n, 

evidently belong to C(D 1 \{x== t 0 }) (here {x = f 0 } = {x £ R n , y 6 
€ Rn, i 6 Rm T = i 0 })- Let us examine the functions G, G Xk , G Vk , 
k = 1, . . ., n, in D\ = {| x — x° | < 6/4, | y | < 6/4, 6 < | g — 

— x° | < 26, t° — 6 < x <C t 0 }, a subregion of D 1 . Since in 

D \ | g - x | = | g - + x° - x | < | g - x° | + | x° — x | < 

< 96/4, | g — a; | > | g — a: 0 I — | a; 0 — x | > -^- and | y | , 

for all points (x, y, g, x) in D[ we have 


G|<- 


g 0 


82 


— xl”/ 2 


8«o-t) 


(f°-x) 




, ti I I I lvl 2 -l«-£|g 

11 e 4( '°- T) 

2(t°-T) 2+1 




5g 0 6 


62 


—+i 

4 (*0 — T) 2 




k — 1, ..., n, 


where g 0 = max_ | g (g, x) |. 
a, ties 

Consequently, the functions G, G Xh , Gy h , k = 1, 2, . . ., n, 
belong to C{D\) (G(x , y, g, t°) = G Xft (x, y, g, t°) = G Vh {x, y, g, t°) = 

= 0, k = 1, . . ., n) and hence to C0^). 

Furthermore, since the function G is analytic in each of the 
variables x t + iy u . . ., x n + iy n (for any x< t°), for each k, 
k = 1, . . ., n, it satisfies in D x the Cauchy-Riemann equations 

(Re G) Xh = (Im G) yh , (Re G) yft = — (Im G) Xh . 
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Hence the complex-valued function 
F(x, y) = j G(x, y, g, x)dldx 


1 


f _M 

J (*0 — T) 




4((0-t) 


2 


n/2 


ft=l 


dg dx 


is continuously differentiable in the region V — {| x — x° | < 8/4, 
| ^ | C 6/4} of the space R 2n , and for all (x , y) £ V and for any k, 
Jc = 1 , . . n, 

(Re F) Xh = (Im F) yh , (Re F) yh = - (Im F) Xh . 


Therefore for any point (4, t/ 1 ) in V the function F(x], . . ., 4-i, 
x k , 4+i, . . 4, yj, . . yk-i, y h , yl+i, . . ., y'n) of two (real) 
variables x k and is an analytic function of the complex variable 
x h + tyh at the point 4 + iy\, k — i, . . n. It is easy to show* 
that then the function F(x, y) is an analytic function of n complex 
variables x 1 -j- iy v . . x n + iy n in V. And since for | x — x° | <; 6 
the function F(x, 0) coincides with the function u(x, t°) in question, 
the assertion of the theorem is established. 1 

Remark. The function u{x, t) which satisfies the homogeneous heat 
equation in some region Q of the space R n + X is not necessarily ana¬ 
lytic in t. 

J_rJ2 

For example, the function u(x, t) which is equal to t~ n ^e 
for | x | > t > 0 and to zero for | x | > 1, t 4S 0, satisfies Eq. (1 0 ) 
in (| x | > 1, — oo < t < co} but is not analytic in t (of course, it 
belongs to C°° (| x \ > 1, — co •< t < co)). 

2. The Cauchy Problem for the Heat Equation. A function u(x, t) 
belonging to the space C 2 > x (0 < t < T) f) C(0 ^ t < T) is called 
the solution (classical solution) of the Cauchy problem, for Eq. (1) if it 
satisfies Eq. (1) in {0 < t < T) and for t = 0 satisfies the initial 
condition 


*4=o = <p(4> (H) 

where f(x, t) and q(x) are given functions. 

First we shall prove the following uniqueness theorem. 

Theorem 2. The Cauchy problem (1), (11) cannot have more than 
one classical solution bounded in {0 ■< t <i T). 

Proof. Let u x (x, t) and u 2 (x, t) be two classical solutions of the 
problem (1), (11) that are bounded in {0 < t < T). Then the func¬ 
tion u = u x — u 2 is a solution of the homogeneous heat equation (1 0 ) 

* See, for instance, Vladimirov, V. S. Methods of Theory of Several Complex 
Variables, Nauka, Moscow, 1964, p. 42 (in Russian) or Shabat, B. V. Introduction 
to Complex Analysis, Nauka, Moscow, 1969, p. 273 (in Russian). 
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which is bounded in {0 < t < T) and satisfies the homogeneous 
initial condition 

it |<=o == 0- (Ho> 

Consequently, for the function u the representation (9) of the preced¬ 
ing subsection holds in the strip {0 < t < T) which immediately 
implies that u = 0 in {0 <C t << T }. [ 

By M a = M a {T), o %■ 0, we denote the set of all functions 
u{x, t) defined in {0 ^ t < T) for each of which there are positive^ 
constants A and a (depending on this function) such that 

| u (x, t) | <; Ae a M° for all (x, t)£{0 ^t<iT}. 

It is clear that the set M a is a linear space for any o 0; more¬ 
over, M a cz M 0 ’ for cr ^ a'; M 0 is the set of all the functions bound¬ 
ed in (0 sg; t < T }, and M 2 is the set of all functions for each of 
which there are positive constants A and a such that 

| u(x, t) |<C.4e a l x l 2 for all (x, t) £ {0^t <C T). (12) 

In Theorem 2 the uniqueness of the solution of the Cauchy prob¬ 
lem (1), (11) was established in the set of bounded functions M 0 . 
In fact, the solution is unique in M 2 too, and hence in any M a , 
0 ^ o ^ 2. Namely, the following assertion, generalizing Theo¬ 
rem 2, holds. 

Theorem 2'. The Cauchy problem, (1), (11) cannot have more than 
one solution belonging to M 2 *. 

The following auxiliary proposition is required for the proof of 
Theorem 2. 

Lemma 1. Let the function u(x, t) be a solution of the problem (1 0 ), 
(11 0 ) in the strip {0 < t < T), T > 0, and satisfy the inequality (12) 
with some constants a > 0 and A > 0. Then u = 0 in the strip 
{0 < t < Ti), where 7\ = min {T, l/5a). 

Proof. Take an arbitrary e > 0 and in {0 < * < consider 
two functions 

/ ! _Lfi? ,\ 

W ± (x, t) = ±U{x, t) + e ( f + lTi _ t) nl2 g 4(ri ~ 0 | • 

Evidently, these functions belong to C 2 < *(0 < t < Tf) f| C (0 ^ 
^ t < Tf). Since u\ t =o = 0, for all x 6 R n 

-Mi 

w ± (x, 0) = err n/2 e 4r i > 0. (13) 


* It can be shown that for any a > 2 the solution of problem (1), (11) is 
not unique in M 0 (see Tikhonov, A. N. “Theoremes d’unicite pour l’equation de 
la chaleur”, Mat. Sb. 42 (1935), 199-216). 
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Since <£n = 0 in {()<;£< T x }, for all points (x, t) £ {0 < t C T x } 

|x|2 

X(w ± )^±X(u) + zX{t + {T i -t)~ n,2 e 4 < T ‘~‘> ) = e>0. (14) 

Let (x°, i°) be any point in the strip {0 •< £ ■< Tx). Take a large 
number R > 0 such that the point (x°, t°) lies inside the cylinder 
{| x | < i?, 0<t<.T 1 } and the functions w± (x, t) are positive 
on the lateral surface {| x | = R, 0 < t C T t } of this cylinder: 

w±(x, i)lw=H>0, 0<t<T l (15) 

{the latter property can be always fulfilled because w ± ||*|=r = 

R2 R2 

= ±u| w=B + e(t + (7 , 1 -i)- n/2 e4(T 1 -()j^_^ e aR2 + eri -n/2 e4Tl ^ 

n 5 aR 2 

^ — ^4e aR2 + 8 (5a) 2 e 4 -4- -j-oo as /?->oo). 

We shall now prove that if a function w{x, t) belongs to 
C*>\{\x | < R, 0 < t < TJ) fl C ({| x | < R, 0 < t < TJ) and 
satisfies the conditions 

w(x, 0) 0 for | x | ^ R, (13') 

Xw (x, t) > 0 in (| x | < R, 0 < t C Tx) (14') 

and 

w||*l=n>0 for 0 < f < fx, (15') 

then 

w(x, *) 0 for all (x, t) 6 {| x ] < R, 0 < t C T^}. (16') 

Suppose, on the contrary, that there is a point (x', t') in {| x | < 

< R, 0 < t c Tx) such that xv (x', t') C 0. Let (x", £") be the 
point in {| x | ^ i?, where the function w{x, t) 

(w(x, t) £ C ({| x | ^ R, 0 ^ t ^ r'})) attains its minimum, that 
is, 

w(x", t")= min w(x, t)-^.w(x', t’)C 0. 

By (13') and (15'), (x\ t") g{ | x |< R, 0< If (x", i")G 

€{|x| CR, Octet'}, then n = 0 and > 0, 

i = l, whence Xw(x", f")<;0 which contradicts (14'). 

If (x\ £")£{ |x[</?, t = i'}, then ^ < 0 and - ^ : - > 

^0, i = l, ...,«, whence Xw(x”, t")-^,0, again contradicting (14'). 
Thus inequality (16') is proved. 

Since, by (13)-(15), the functions w ± (x, t) satisfy the conditions 
(13')-(15'), for all (x, t) £ {| x | < R, 0 < t C T^} the inequali- 
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ties w ± (x, t) 0 hold thereby implying w ± (x°, t°) 0 , that is, 

I ■*<*•• I -■•>)• 

Since e > 0 and the point (x°, t°) are arbitrary, it follows from this 
last inequality that u(x, t) = 0 in {0 < t < T^}. | 

Proof of Theorem 2. Let u x (x, t ) and u 2 (x, t) be two solutions of 
the problem (1), (11) in (0 < t <Z T) that belong to M 2 . Then their 
difference u = u x — u 2 is a solution of the problem ( 1 0 ) and ( 11 0 ) 
in {0 < t < T) and for all (x, t) 6 (0 t < T) satisfies the inequal¬ 
ity (12) with certain constants A > 0 and a > 0. By Lemma 1, 

u(x, t) = 0 in {0 < t < T x }, where T x — min ( T, . If T x — T, 
the theorem is proved. 

Let T t = -^-<.T. Then the continuity of the function u(x, t) 
in {0<f<T} implies u _ t = 0. Therefore the function v(x, t) = 

* 5a* 

= u^x, t-hifc') is 8 solution of the problem ( 1 0 ), ( 11 0 ) in the strip 

and in this strip satisfies inequality ( 12 ). 
According to Lemma 1, v{x, t) — 0 in {0<t<T 2 }, where 
7*2 — nain jT 1 —. From this it follows that u(x, t) = 0 in 

| 0 <i<r 2 + 4 r} • If TzJr 'h: < ' T ( then ^2 = -^-), then repeat¬ 
ing this argument we find that u (x, t) — 0 in j 0 <t<; 2 --^-[- r 3 |, 

( 2 \ \ 

T —gj, -g^-J , and so on. After a finite number 

of steps, we see that u — 0 in {0 < t < T}. | 

We shall now prove the existence theorem regarding the solution 
of the Cauchy problem (1), (11). The results of the foregoing sub¬ 
section imply that if the solution, bounded in ( 0 <t<r}' of the 
problem (1), (11) exists with function fix, t) bounded in {0 < tc T), 
then it has the form 


u(x, *)= j U(x — l, *)q>(|)dl 

R n 

t 

+ J j U(x-l, t-x)f(l, T)dtdx. (17) 


Therefore the proof of the existence of a solution naturally reduces 
to determining conditions on the functions 9 and / such that the 

23-0594 
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function u(x, t) given by formula (17) is a classical solution of the 
problem (1), (11). 

Let 5 (R n ) and B (0 < t <2. T) denote Banach spaces of functions 
that are continuous and bounded in R n or in the strip {0 <.t<iT}, 
respectively, with norm || q> ||b(r„ > = sup | (p (x) | and || / ||b(0«<t>=- 

= sup | f(x,t)\. 

(x, t)£{0<t<T) 

Theorem 3. If cp(a:) belongs to 5(5„) and the functions f(x, t) 
and fx t (x, t ), i = l,.. n, belong to 5(0 <t < T), then the 
problem (1), (11) has a classical solution u(x, t). This solution belongs 
to 5(0 < t < T) and is given by formula (17); further , 

|| u ||b(o<«<t) < || <P l|s(R n ) + T || / ||b(o<«<d- (18) 


Theorem 3 is an immediate consequence of the following two 
auxiliary assertions. 

Lemma 2. If <p £ 5(5„), then the function 

u t (x , t)= f U(x — l, t)(p(%)d% (19) 


is a classical solution of the Cauchy problem (1 0 ), (11) in the half-space 
{t > 0}; moreover, for all x £ R n , t> 0 the inequalities 


inf qi(a;)<u f (i, t)-<sup cp(x) (20) 

xeR n x£R n 


hold. 

Lemma 3. If f and f x . i — 1, . . ., n, belong to 5(0 <t<T), 
then the function 



(x, i)€{ 0 <*<r}, 

( 21 ) 


belongs to 5(0 <t < T) and is a classical solution of the Cauchy 
problem (1), (11 0 ) in the strip (0 < t < T }; and 

II u 2 ||b(o<«t) •< T || / ||B(o<i<T)- (22) 

Proof of Lemma 2. For the proof of Lemma 2, it suffices to establish 
that the function u x ( x, t) has the following properties: 

(a) u x € C 2 ' i (t > 0) and Xu x = 0 in {t > 0), 

(b) for the function u x the inequalities (20) hold, 

(c) the function u x belongs to the space C(t 0) and satisfies 
the initial condition (11). 

Take arbitrary numbers 8 and T x , 0 < 8 < T x . Since for all 
x € 5 n , | 6 5 n , t 6 [6, r x ] and for any a = (a lf . . ., a n ), a t > 0, 
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and P >- 0 


d P 


dt 


r D a x U(x-l , t) 


|x-g|a 

<C a p (1 +1 l — xj ) |a|+2p e~ *t, , 


where C a p = C a p (6) are some positive constants, the function 
ui(x, t) 6 C°° (8 < t < 7^), and 

*) = J -~D a x U{x-l, t).y&)dl. 

R n 

In the strip {8 <C t < the function t/(x—t) satisfies 
Eq. (1 0 ) (with respect to ( x , f)), therefore the function u x (x, t) satis¬ 
fies Eq. (1 0 ) in this strip. Consequently, since the numbers 8 >• 0 
and T x > 8 are arbitrary, the function u x (x, t) has Property (a). 

Since the function U is nonnegative, according to (2) for all x 6 R n 
and t > 0 we have the inequalities 

Ui(x, f)< f U(x— 1, /)(sup <p(£)) d£= sup <p(x), 
j htR n > X£R„ 


u x (x, t)^s \ U(x — l,t)[ inf <p(i))d|== inf cp(x). 

R J He* n ’ xeR n 

J n 

This establishes Property (b). 

We now establish Property (c). Taking an arbitrary point x° £ R n , 
we shall show that lim u x (x, t) — q>(x°). By (2), we have 

(x, I)-(x0, 0) 

(x. t)e(t>o> 

for any (x, t) g {t > 0} and for any 8 > 0 
u x (x, t) — <p(x°) = j U(x — l, t) (<p (§) — 9 (x 0 )) dl 

*n 

= J U(x — i, t) (q>(l) — 9(* 0 )) dl 

\l-x0\^6 

+ { U(x-l, t)(q>(l)-<p(xO))dl = r t , 6 + f 2i6 . (23) 

l£-*oi>a 

Since the function 9 is continuous at the point x°, for an e > 0 we 
can find a 8 > 0 (this 8 we take in (23)) such that | 9 (|) — 9 (x°)| < 
< e/2 whenever | | — x° | < 8 . Therefore 


|/u|<y J U(x-l, t)dl<C-Y *)d6 = e/2. (24) 

|x°-tl=S6 R n 


23* 
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Let \x— x°|<5/2, then for |£ — x°|>6 we have \x— £| = 
= \x-x° + x°-l\^\x<>-t\-\x-x<>\ >6—6/2. Thus 




I*®-SI >6 


l*-SI 2 Ifc-SI 2 


(2 /ji<)« 


■(|<p(S) 




*°)l )dt 

l*-SI» 


<— ~ e 

(2 Y «<)» 


< 2|l<P Vn) C -W 

"" (2 V n() n 


J e st dl 
|*o-S|>8 

C _j£zi!i 8® 

J e 8t d| = const e 32t ^e/2 


(25) 


whenever t 6 (0, 6 0 ) with sufficiently small 6 0 . Thus from (23)-(25) 
we see that | u t (x, t) — cp(x°) | < e for all points (x, t) of the half¬ 
space {t > 0} such that | x — x° | 2 + f 2 < min (8 2 , 6 2 /4)- | 
Proof of Lemma 3. We represent the function u 2 (x, t) (see (21)) 
in the form 


l 

Ut(x, f ) = -^72- J J c- |S12 /(x + 2 |l/'^, T)dg, (26) 


(*, t) e {0 < t < T). 


To prove the lemma it is enough to check that 

(a) u 2 (x, t) 6 C (0 < t < T), u 2 (x, 0) = 0, 

(b) inequality (22) holds, 

(c) u 2 {x, t) £ C 2 ’ 1 (0 < t < T) and Xu 2 — f in {0 < t < T }. 
Since the function f (x, t ) is bounded in {0 < t < T), it follows 
that | e~^f{x +. 2| ]/ t — t, t) | ^ e“^l 2 || f lb(o<«T) and there¬ 
fore (/ is continuous) the function 

g(pc, t, r) = -~- j e-Wf(x + 2l Yt — r, x)d\ 


is continuous and bounded on the set {x£R n , 0<f<7\ 

and g{x, t, t)=f(x,^ t), | g (x, t, t) |<|| / ||u«><t<T>- Therefore the 

function u 2 (x, t) = j g(x, t, t) dx belongs to C(0<^<C T), U 2 |<=o = 0 

and ||u2|1b(o«<t)<T||/|| B(0 < ( <t). Properties (a) and (b) are proved. 

Since the function f(x, t) has continuous derivatives f Xi (x, t). 
i = 1, . . n, in (0 < t < T) and | / | + | V/ | < const in 
{0 < £ < T), the function g{x, t, x) has continuous derivatives 
g Xi (x, t, t), i = l, n, on the set {x 6 f?„, 0 <L t <. T, 0 < 
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< t ^ f}. Consequently, the function u 2 (x, t) has continuous deriv¬ 
atives w 2Xi (x , t), t = 1, . . n, on {0 ^ t < T), and 


l 

u 2xi (x, f) = —STr j dx J e ~ lU2 fxi(x -I- 2 lYt — x, T)dg 

0 B n 

= l£rj -yfe- 5 •-A.C+Sit^. ^<*6 

0 R n 

t 

= '^7F j - - j e~M% i f(x + 2iVt — x, x)dt, i = 1, . .n. 

o Vt T B„ 

(27) 

Since for all j = 1, .. n 


I e-KIV xj (* + 2g /f- t, x) |< 111 e-BI« || f x . || B(0<(< r>, 


the functions j (x + 26 Yt — x, x) d£ have all first 

Rn 

derivatives with respect to x x , . . ., x n which are continuous and 
bounded on the set {a; £ R n , 0 < t < T, 0 < t ^ t}. Then from (27) 
it follows that the function u 2 (x, f) has all derivatives up to second 
order with respect to x lt . . x„ that are continuous in {0 ^ t < T). 
Moreover, 


l 

Au 2 (x, f) = ^r f 



e- |6|, 2 Si/xj {x + 2\Vt-x, x )dl. 

i =1 


(28) 


Further, for arbitrary points (x, t) and (x, t + At), At > 0, lying 
in {0 < t < T) 

t+\t 

< + W ! — ,) f ( + A( _ x)dr 

\ 

+ j *’ T) ■ dx = / t (Af) + / 2 ( At ). (29) 

o 

In view of continuity of the function g(x, t + At, t) in t on the 
segment [t, t + At], / x (At) = g (x, t + At, t + 8At), where 0 = 
= 0(x, t, At), 0 ^ 0 ^ 1. Consequently, 


lim 7j(At) = g(x, f, f) = /(x, t). (30) 

At-» + 0 
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Since in {0 < t < T) the function / has continuous and bounded 
derivatives with respect to x u . . x n , the function g ( x , t, x) has 
a derivative with respect to t continuous in {x £ R n , 0 <C t < T, 
0 <x<t}: 


71 

g t (x, t, x) =- n /2 y — f S £*/** {x + ^iVt — X, x)dg, 

n V T Rr, i=l 


with |g t (a;, t, x) | ^ constAjAi — x. Then 


g( x, t+ At, r) —g(a, t, x) 
At 


t +At 


<-^r J I ft' (*«*'» T )l 


dt* 


t+At 


<lf | - 7 f= ? <con st /F7=-x. 

Therefore (according to Lebesgue’s theorem) 
lim / 2 (At) 

At-, + 0 

■ =4f( - 7 =- J «- |S " 2 x)dE. 

' " 0 V t_T R n i=l 

from (28)-(31) it follows that 

lim “»(*’ Q + A^a, t). 

At-+0 

It is similarly proved that 

lim “«(*’ t] ~~ = - lim ±- \ g(x, t, x) dx 

At-* - 0 Af AI--0 . J. . 


(31) 


(32) 


i+At 


t+At 


4- lim f e(x ' t + U '^- g(x ^~'^ -dx = Kx, f) + Au 2 (z, *). (32') 

At-* — 0 J at 


Therefore the function u 2 {x, t) has continuous derivative, equal 
to / +?Aw 2 , with respect to t in {0 < t < T). 

, Theorem 3 establishes the existence of a classical solution of the 
Cauchy problem (1), (11) for any bounded <p £ C(R n ) and any bound¬ 
ed / € C(0 < t < T) for which all first-order derivatives with 
respect’tojspace variables are continuous and bounded in {0 < t < T}. 
Now the question arises: for the Cauchy problem (1), (11) to be 
solvable is it fnot sufficient to assume that the function / is only 
continuous and bounded? In fact, the condition that / has (bounded) 
derivatives with respect to space variables is more than what is 
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necessary: it can be proved that for the solvability of the problem 
{1), (11) it suffices to assume that the function f(x, t) (continuous 
and bounded) satisfies Holder’s condition with respect to space vari¬ 
ables, that is, for any point ( x , t) in {0< t <C T } there exist constants 
M > 0, a > 0 (depending on this point) such that | f(x', t) — 
— / (x, t) | ^ M | x' — x | a for all x' £ R n . However, if the func¬ 
tion / is only continuous (and bounded) in {0<i< T), then, as 
illustrated by the following example, the problem (1), (11) may 
not have a (classical) solution. 

Let £ = £ (| x |) be an arbitrary function infinitely differentiable 

3 

in R n , which is equal to 1 for | x | < 1/2 and to zero for | x | . 

We examine the following Cauchy problem 

Xu — Uf — Au = fo( x )> (33) 

u| ts=0 = '<po(*). (34) 

where 

/»(*)= —llTpUM) ((n + 2)(-ln|^|)- 1/2 +l(-ln|x|)- ;i/2 ) 
+ £' (I * () ((n + 3) (- in I * | )1/2 - (- in | * |)" 1/2 ) 

=(*;—*•) r(i^i)(-in|x|) 1/2 , 

and 

(Po(x) = (** — x\) £ (| x |) (— In | x ]) 1/2 . 

The function f 0 (x) 6 C(R n ) f] C“(| x | > 0) is equal to zero for 
1 x | > 3/4, and therefore is bounded in R n . The initial function 
<p 0 (.z) 6 CHftn) fl C°°(l * I > 0) is equal to zero when | x \ > 3/4, 
and is therefore bounded in R n . It can be directly verified (compare 
with the similar example for Poisson’s equation, Chap. IV, Sec. 3.3) 
that the bounded function u(x, t) == cp 0 (a:) (it does not depend on t) 
satisfies Eq. (33) when | x | > 0. Moreover, the function u (x, t) 
obviously satisfies the initial condition (34). 

Nevertheless, the function u(x, t) = q 0 ( 2 :) does not belong 
to C 2 ’ x (0 <; t < T) for any T > 0, because, for instance, 
lim u x ,x. (x, t) = oo. Consequently, this function is not a solu- 

| ac 1—0 

tion of the problem (33), (34). 

Let us show that the problem (33), (34) has no solution in any 
strip {0 < / < T). Suppose, on the contrary, that there exists 
a solution v(x, t) of the problem (33), (34) in the strip {0< t < T} 
for a certain T > 0. Then the function w(x, t) = u(x, t) — 
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— v (x , t) = qp 0 (x) — v (x, t) 6 C 2 > 1 ({| x | > 0,' 0 < t •< T}) and 
satisfies the homogeneous heat equation (1 0 ) on the set {| x | > 
> 0, 0 < t < T }. Moreover, w (x, t) 6 C 1 (772 ^ t < T), since 
q> 0 6 C 1 ( R n ). Thus w (x, t) £ C 2 ’ 1 ({0 < | x | < 1, T/2 < t < 7’})n 
H C 1 ({| x | ^ 1, TI2 <C / < 7 1 }) and w t — Au; = 0 for all points 
(x, 0 in {0 < ( x | < 1, T/2 <t <T). 

We 1 shall show that the function w (x, t) must belong to 
| C 1, 772 < t < 7 1 }) which is impossible, because the 
function v £ C 2 ’ 1 ({| x | < 1, 772 <C. t <C T}) and the function 

u (x, t) = cp 0 (x) $ C 2 - 1 ({| x | < 1, 772 < f < T)). 

So, let w (x, t) £ C 2 , 1 ({0 < | x | <1, 772< t <7 T » flC 1 ({| x ] < 

< 1, 772 < t < 7 1 }) and Xw = 0 in {0 < | x | < 1, TI2<t< 

< T }. We shall show that w (x, t) £ C 2 ’ 1 ({| x | < 1* T/2 <Lt < 

< 7 1 }). The proof of this fact repeats in a certain sense the arguments 
used in Subsec. 1 while establishing representation (9). 

Take an arbitrary point (£, x) in (0 < | x | < 1, 772 < t < T} 
and an arbitrary e £ (0, x — 772). On the set {0 < | x | < 1, 
772 < t < x} we have the equality 

71 

(u?(x, —x, x t))t + 2 (u>U x —w x U) x 

i=l 1 11 

= C/(| —x, x — t)Xw(x, t) — u;(x, t)X%' t U(£, — x, x —1) = 0. 


Integrating this equality over {6 < | x | < 1, T/2 <it < x — e}, 
where 6 is an arbitrary number from the interval (0, | £ |), and 
applying Ostrogradskii’s formula, we obtain 


j w(x,x —e)t/(g— x,e)dx 

6<\x\d 

= jj w(x, T/2) £/(£— x,x — T/2)dx 
6<|*|<1 

- j dt j ( w(x, t) - U T_i) 


dn x 


T/2 |*|=1 

dw (x, t) 


dn 


U(l — x, X —*)) dS x — j dt j [w(x, t) 


T/2 1*1=6 


dU (|— x, x — t) dw(x, t) 


dn , 


dn 


U (| — X, X — t)}dS„ 


li. 6 + ^2, e + ^3. e, 6- (35) 
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In (35) we pass to the limit first as e -> 0 and then as 6 0. We take 

an arbitrary 8 0 , 0 < 6„ < min (1 —- | £ |, | | | — 6). Then 

j w(x, t — e(77(£—x, e)dx 

= j w(x, x — e)77(| — x, s) dx 

|x-ii<fi 0 

4* 1 w(x, t — e) 77(|— x, e) dx. 

{6<|x|<1}(]{|3C-J|>6o> 


Since on the set {6C1 a:|C 1} fl {6 0 -^l x ~\|} 

| w(x, x — e) 7/(£ — x, e) |max | w (x, t) exp( 2 V 118 )”> 


it follows that as e -*■ 0 
X dx 0. Therefore 


j W(X, T — E )U(l — X, E) X 

{6<|x|<l)n{*-t|>6 0 } 


lim \ w (x, x— e) U (g— x, e) dx 

«-o , . J, _ 

= lim \ w(x, t — e)77(| —x, e)dx 
e-»0 . J. . 


8<|x|<l 


l*-5|<8o 


= lim -^2 ( u>(£ + 2rj l^e , x — e)e-Wi s dr] = «>(£, x), 

8-vO Jl w 


|i)!< 


flo 

2l/e 


and consequently 



Further, it is obvious that 


lim / 2 , 
e-0 


lim /j 
fi-0 


- 1 
i*l<i 


w(x, 772) — x, t — 772) dx, 


= j dt j [w(x, t) 
T/2 |*|<1 


dU(l—x, x—t) 
dn x 


dw(x, t) 
dn 


u( i-x, 



and since w £ C l ({| x j<Cl, TI2^t-^x}), it follows that 

lim lim / 3 t% 6 = 0.1 
e-o e^o 


(37> 


(38) 

(39) 
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The relations (35)-(39) imply that for any point ( x , t) in 
{0<|a;|<l, 272 <£<?’} we have the representation 

tv(x, t) — f w(l, T/2)U(x — t—T!2)dl, 

lll<i 

-j * J (»-(£, T) 

Tj 2 |£|=1 

from which it immediately follows that w belongs to C°°({ | x | < 

< 1, TI2 < t < T}) and, more so, to C 2 > 1 ({| x | < 1, T/2 < t < 

< T)}. This proves the assertion. 


§ 2. MIXED PROBLEMS 

1. Uniqueness of Solution. Let D be a bounded region in the 
^-dimensional space R n {x = (x v . . ., x n ) is a point of this space). 
As in the case of the mixed problems for hyperbolic equations, in the 
(n -j- l)-dimensional space i? n+1 — 2? n {—°° < t < +oo} we 
consider a bounded cylinder Q T — {x £ D, 0 <C t < T} of height 
T > 0, and let T T denote the lateral surface of this cylinder: T r = 
= {x 6 dD,\ 0 <C t < T) and D x , % 6 [0, T], the set {x 6 D, t — t}; 
in particular, D 0 — {x £ D, f = 0} is the base of the cylinder Q T 
and D t = {x £D, t — T) its top. 

In the cylinder Q T with some T > 0, we examine the parabolic 
■equation 

Xu = U( — div ( k(x) V«) + o.(x) u = f(x, t), (1) 

where k(x) 6 C\Q T ), a(x) £ C(Q T ), k(x) ^ k 0 = const > 0. 

A function u(x, t) belonging to the space C 2 * 1 (<? T ) f| C(Qt U 
(J r T (J D 0 )* and satisfying Eq. (1) in Q T and the initial condition 

w|t=o = <P(x) (2) 

on D 0 as well as the boundary condition 

u\r T = X 

on T r is called a classical solution of the first mixed problem for Eq. (1). 

A function u(x, t) belonging to the space U 2,1 ((?t) D C(Qt U 
U T r [J D 0 ) f| C^(Q T U r r ) and satisfying Eq. (1) in Q r , the 
initial condition (2) on D 0 and on r r the boundary condition 

(-£+<>(*) «) !r T = X. 

* For the definition of the spaces CP»® see Sec. 7.1, Chap. III. 
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where a{x) is a function continuous on F T , is called a classical solu¬ 
tion of the third mixed problem for Eq. (1). 

If o = 0, then the third mixed problem is known as the second 
mixed problem. 

Since the case of nonhomogeneous boundary conditions is easily 
reduced to that of homogeneous boundary conditions, in the sequel 
we shall investigate homogeneous boundary conditions 

u|r r = 0 (3) 

and 

(-g+o(x)u)|r T = °. (4) 

We shall assume that the coefficient a(x) in Eq. (1) is nonnega¬ 
tive in Q t and the function o(x) in the boundary condition (4) 
is nonnegative on r T . 

Lemma 1. Let f(x, t) 6 L 2 (Q T ) and let u(x, t) be a classical solu¬ 
tion of the third ( second) mixed problem (1), (2), (4) or a classical solu¬ 
tion, belonging to C 1 - °(Q T (J r r ), of the first mixed problem (l)-(3). 
Then u{x, t) € H^°{Q T )*. 

Proof. Let us take arbitrary t £ (0, T) and e 6 (0) t) and after 
multiplying Eq. (1) by u integrate it over the cylinder (? e , % — 

j 

= {x £ D, e < t *< t}. Since in Q T uut = -j- (“ 2 )t. w div ( k S7u) = 

= div ( ku Vu) — k | V« | 2 and -|-(u 2 )t — div ( ku S/u) — fu — au 2 — 

— k | Vn | 2 6 L 1 (Q e% x ), according to Ostrogradskii’s formula we 
have 


■f 1 u2 dx ~T 

D x 


j u 2 dx -f- 


j k j Vu \ 2 dxdtfi- j au 2 dxdt 
®e, x ®e, x 


- \ ku~-dS dt — j fudxdt , 

r e, t ^e, x 


where r e , x = {x € dD, e < t < t}, whence, when u (x, t) is a sol¬ 
ution of the first mixed problem, 


Y j u 2 dx — y j u 2 dx -j- j k | Vu [ 2 dxdt+ j au 2 dx dt 


= \ fudx dt 

_ Q e , T 

* The spaces H r i °(Qt) were introduced in Sec. 7.2, Chap. III. The proper¬ 
ties of the elements of this space are considered in the same section. 


Pirhe Tffdi/ttimfti cciL ~Ph.y-A.LC-A. 




364 


PARTIAL DIFFERENTIAL EQUATIONS 


and, when u(x, t) is a solution of the third (second) mixed 
problem, 

y j u 2 dx — y f u 2 dx + j k\ Vu | 2 dx dt 

°x 4 Q e . x 

+ j au 2 dxdt-\- J kau 2 dSdt = j fudxdx. 


E, t 


*e, x 


Consequently, 

y j u 2 dx-\-k 0 f | S7u\ 2 dx df<Cy ^ u 2 dx 


*e, x 
+ 


j k(x) j Vu pdxdf^y j u 2 dx 


®e, x 


+ j |/I!u|dxd*<y j u 2 dx + ||u|| I , 1 < Q e>T) ||/||E I (Q r ,. 
Oe,x D e 

Passing to the limit in this inequality as e 0, we obtain 

yj U 2 dx<y ||q>||L,(D) + ||“||L I (Q x )||/||L l (Q T ) ( 5 ) 


and 


fcj | Vu | 2 dx dt < y II 9 l|La>) -HI» IIl,(q t ) || / ||l,(q t ). (6> 

Let us take an arbitrary t £ (0, T) and integrate inequality (5) 
with respect to t£.(0, t ): 

t 

j j u 2 dx dx-^ r || <p ||l,(D) + 2r || w llL,(Q t ) || / Hl,(q t ) 

4 

< T || cp ||l i( d) + 2T 2 1| / \\1 Mt) +\ 1| u ||i f(Q() , 

whence 

II u ||£,(q { ) < 2T || 9 111,(0) + 4 T 2 || / ||i l(Qr) = Cl 
for any f£(0, T). Consequently, u£L 2 (Q T ) and 

|| w||l, ( q t) <C 0 . (7) 

Then from (6) we have 

III Vu-1 |IL(Q t ) II 9 IIL(D) + -^Hl / lk,(Q T ) 

for any r £ (0, T). Accordingly, | Vu | £ L 2 (<? r ).l 
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Remark. From inequalities (5) and (7) it readily follows that the 
classical solution of the third (second) mixed problem (1), (2), (4) 
and the classical solution, belonging to C 1 ’ 0 (Q T U F T ), of the first 
mixed problem (l)-(3) have the estimate 

||u|| ll(J , t) <C 1 , t£(0 ,T), (8) 

•where the constant C x depends only on T, || q> ||l,(d) and ||f Hl,(q t ). 

Let u be a classical solution of the third (second) mixed problem 
{1), (2), (4) or a classical solution, belonging to C 1 ’ °(Q T U F T ), 
of the first mixed problem (l)-(3), and let f(x, t) £ L 2 (Q T ). Multiply 
(1) by an arbitrary function v(x, f) £ C\Q T ) such that 

v \d t — 0 (9) 


and integrate the resulting relation over the cylinder @ e , x , where T 
is an arbitrary number from (0, T) and e an arbitrary number from 
(0, t). According to Ostrogradskii’s formula, we obtain 


[ { — uvt-\-kSJuS/v-\-auv)dxdt — j kv dS dt -j- j uv dx 


^e, x 


= juvdx + j fvdxdt. (10) 
D. Ql , 


*e, T 


If u is a solution of the first mixed problem, then we assume addi¬ 
tionally that 



( 11 ) 


In this case identity (10) has the form 
j ( — uv t -\-kWuS/v + auv)dxdt-\- j uvdx 


— j uvdx+ j fvdxdt. (10') 


If a is a solution of the third (second) mixed problem, identity^(6) 
has the form 


j ( — uvt + kVu'Vv + auv)dxdt-{- j kauvdSdt + j uvdx 

X ^e. X DX 

= j uvdx+ j fvdxdt. (10") 

x 

By virtue of Lemma 1, u £//L °(@ r ) and therefore (see Sec. 7, 
Chap. Ill) u|r r £ L 2 (T t ). Using (8) and (9), we pass to the limit 
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in identities (10') and (10") as e 0 and t T. This yields the 
following assertions. 

A classical solution u(x, t) of the first mixed problem which belongs 
to C 1 ’ °(Q t U IV) satisfies the integral identity 

[ (— uvt + kVuVv + auv) dx dt = j q>u dx + ^ fvdxdt (12) 

Qrp Do Qjl 

for all v 6 C*(Qt) satisfying conditions (9) and (11), and conse¬ 
quently for all v 6 H l (Q T ) satisfying conditions (9) and (11). 

A classical solution u(x, t) of the third (second if a — 0) mixed 
problem satisfies the integral identity 

j (— uvt + k'Vu'Vv -f- auv) dx dtfi- ^ kauv dS dt 

Qjl Tj, 

— j (pvdx+ j fvdxdt (13) 
Do Q t 

for all v g C'{Q t ) satisfying condition (9), and consequently for all 
v £ H X (Q T ) satisfying condition (9). 

With the aid of the above identities, we introduce the notions 
of generalized solutions of the mixed problems under discussion. 
We shall assume that / (x, t) 6 L 2 (Q T ) and cp(x) 6 L^(D). 

A function u(x, t) belonging to the space ^ 1 '°((? r ) is called 
a generalized solution of the first mixed problem (l)-(3) if it satisfies 
the boundary condition (3) and the identity (12) for all v(x, t) in 
&{Qt) that obey conditions (9) and (11). 

A function u(x, t) belonging to the space IP-,\Q T ) is called 
a generalized solution of the third (second if o — 0) mixed problem 
(1), (2), (4) if it satisfies the identity (13) for all v(x, t ) in H 1 (Q T ) 
that obey condition (9). 

Together with the classical and generalized solutions of the mixed 
problems, we may also introduce the notion of an a.e. solution. 

A function u(x, t) is called an a.e. solution of the first mixed prob¬ 
lem (l)-(3) or the third (second if a = 0) mixed problem (1), (2), (4) 
if it belongs to the space 1 (Q T ), satisfies Eq. (1) for almost all 
(x, t) £ Qt and satisfies the initial condition (2) and one of the bound¬ 
ary conditions (3) or (4), respectively. 

It was shown above that a classical solution of the third (second) 
mixed problem (1), (2), (4) and a classical solution, belonging to 
C 1 ' °(Qt U r T ), of the first mixed problem (l)-(3) are generalized 
solutions of the corresponding mixed problems. It can be similarly 
proved that an a.e. solution of the first, second or third mixed prob¬ 
lem is a generalized solution of the corresponding problem. It is 
also easy to establish that if a generalized solution of the first mixed 


~PiOuc. C-tiL t cA 


PARABOLIC EQUATIONS 


367 


problem (l)-(3) or third (second) mixed problem (1), (2), (4) belongs 
to then it is an a.e. solution of the same problem. If, 

however, the generalized solution of the first mixed problem (l)-(3) 
belongs to C 2 > 1 (<? T ) f] C(Qt U F t U D 0 ) and that of the third 
(second) problem (1), (2), (4) belongs to C 2 ) 1 ( Q T ) f| C ( Q T U Ty U 
U Z) 0 )n C l 'f(Q r U r T ), then it is a classical solution (compare 
Sec. 2.1, Chap. V, where corresponding statements have been proved 
regarding solutions of the mixed problems for a hyperbolic equation). 

We further note that the generalized solution, like the classical 
and a.e. solutions, of the mixed problem for a parabolic equation 
has the following property: if u(x, t) is a generalized solution of the 
mixed problem (l)-(3) or the problem (1), (2), (4) in the cylinder Q T , 
then it is a generalized solution of the corresponding problem in the 
cylinder Q T ■ for any T', 0 < T' < T. The proof of this assertion 
is also completely analogous to that of the corresponding assertion 
regarding solutions of the mixed problems for a hyperbolic equation. 

We shall now establish uniqueness theorems for solutions of the 
mixed problems. 

Theorem 1. The first mixed problem (l)-(3) cannot have more than 
one generalized solution. 

The third (second) mixed problem (1), (2), (4) cannot have more than 
one generalized solution. 

Proof. This theorem is proved along the same lines as the corres¬ 
ponding theorem regarding generalized solutions of the mixed prob¬ 
lems for a hyperbolic equation (Theorem 1, Sec. 2.1, Chap. V). 

Let u^x, t ) and u 2 (x, t) be two generalized solutions of the prob¬ 
lem (l)-(3) or the problem (1), (2), (4). Then the function u — u x — u 2 
is a generalized solution of the corresponding problem with / = (> 
and <p = 0. We must show that u = 0 in Q T . 

In Q t consider the function 

T 

v (x, t) = J u {x, 0) dd. 

t 

It is directly verified that in Q T the function v has generalized deri¬ 
vatives 

Vt — u, 

T 

Vx t = j u x . (x, 0) dQ, t = 1, .. .,n. 

t 

Since the functions v, v t and v x ., i = 1, . . ., n, evidently belong 
to L 2 (Q t ), we see that v £ H 1 ( Q T ). Moreover, v\o T — 0, u| rT = 

T 

— j u |r r dQ, and, in particular, if u is a generalized solution 

t 
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of the first mixed problem, then u|r T = 0. We substitute v in the 
identity (12) if u is a solution of the problem (l)-(3) or in (13) if u 
is a solution of the problem (1), (2), (4). Then, in the case of the first 
mixed problem, we obtain the identity 

T 

j ( u 2 (x, t) + kVu(x, £)• j Wu(x, 6 )dQ — av(x, t)vt(x, t)^dx =dt0 
Q t t 

(14) 

and, in the case of the third (second) mixed problem, the identity 


[ ^ u 2 (x, £)+ k(x) Vu(z, t )• j V«(r, 0)d0 — avvt ) dxdt 

Qji t 

T 

+ j kou(x, t) j u(x, 0) dQdS dt=*0. (14 e ) 

r T t 

Since (see the proof of Theorem 1, Sec. 2.1, Chap. V) 

T T 

^ &Vu(x, t) j V«(i, Q)dQdxdt — -j j A: I j S/u(x, t) dt^ dx^O, 

Q t t D O 

T T 

j" kau (x, t) \ u (x, 0) dQdS dt = Y \ ( j u(x, t) dt^ 2 dS^O 


and 


j avv t dx dt— —j av z dx^ 0, 

Q t -Do 

from (14) and (14') we have 

f u z (x, t)dxdt^ 0 
Q t 

from which it follows that u = 0 in Q T . | 

Since an a.e. solution of the mixed problem (l)-(3) or the mixed 
problem (1), (2), (4) is also a generalized solution of the correspond¬ 
ing problem, Theorem 1 has the following corollary. 

Corollary 1. The first mixed problem (l)-(3) cannot have more than 
one a.e. solution. 

The third ( second) mixed problem (1), (2), (4) cannot have more than 
one a.e. solution. 

Theorem 1 also implies the following statement. 
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Corollary 2. The third (second) mixed problem (1), (2), (4) cannot 
have more than one classical solution. 

Indeed, let u x and u 2 be two classical solutions of the problem (1), 
(2), (4). Then their difference is a classical solution of the problem 
(1), (2), (4) with cp — 0 and / = 0 6 L 2 (Q T ). Consequently, u x — 
is a generalized solution and, in view of Theorem 1, is equal to zero. 

, We shall now prove the uniqueness theorem for the classical 
solution of the first mixed problem. 

Theorem 2. The first mixed problem (l)-(3) cannot have more than 
one classical solution. 

Proof. Let u x and u 2 be two classical solutions of the first mixed 
problem (l)-(3) in the cylinder Q T . Then the function u — u x — u 2 
belongs to C 2 - 1 (Q T ) f] C(Q T !J T r y D 0 ) and satisfies the homo¬ 
geneous equation 

Xu = u t — div (k V«) + au = 0 (1 0 ) 

in Q t together with the boundary condition (3) on T r and the homo¬ 
geneous initial condition 

u | t =o = 0 (2 0 ) 

on D 0 . We shall show that u(x, t) vanishes in Q T . 

Suppose that there is a point (a: 0 , i°)6 Q r such that u(x°, t°) =£ 0. 
We assume that u(x°, t°) > 0 (if u(x°, t°) <C 0, then instead of the 
function u we consider the function — u for which (1 0 ), (2 0 ) and (3) 
are fulfilled and — u(x°, t°) > 0). 

Let M denote u(x°, t°), and consider the function 

M 

v(x , t) = u(x, t) —^r(t — to). 

First note that 

Xv=--^-<0 for all (x, t)£Q T . (15) 

Since v £ C(Q t °), there is a point (x\ t 1 ) in Q t <> where the function 
v(x, t) attains its maximum value; moreover, since v ( x° , t°) = 
= u(x°, t°) = M, v(x\ t 1 ) > v(x°, t°) = M._ 

The point (x 1 , t 1 ) cannot lie in the set T t o y D 0 , since u|r r = 

= u\r T — (t — t°) = ( t° — t)^~ and v\ Dl> = u\ Do + 

+ -y = -rf- • Consequently, the point (x 1 , t 1 ) must lie in the set 
Qt • U D t °. Let it belong to Qt ». Then v t (x x , t 1 ) = 0, v x ix l , t 1 ) — 0 
and v x . x . (x 1 , t 1 ) ^ 0, i = 1, . . ., n. That is, Xv (x 1 , t 1 ) — 
= v t (x 1 , t 1 ) — k (x 1 ) Av(x 1 , t 1 ) — yk (a: 1 ) (a; 1 , t 1 ) + a (a: 1 ) v x 

X (x 1 , t 1 ) 0 and this contradicts (15). If, however, (a: 1 , t 1 ) 6 D t °, 

then v t (a; 1 , t 1 ) >• 0, v x . (a: 1 , t 1 ) — 0 and v x . x . (a? 1 , t 1 ) ?C.0, i — 
= 1, ...» n. That is, again Xv (x 1 , t 1 ) 0. Jg 

24-0594 
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2. Existence of a Generalized Solution. We shall now establish 
the existence of the solutions of the problems (l)-(3) and (1), (2), (4). 
For this, as in the case of hyperbolic equations, we shall apply the 
Fourier method. 

Let v ( x ) be a generalized eigenfunction of the first boundary- 
value problem 

div ( k(x ) V v) — av = kv, x £D (16) 

y|dD = 0 

or the third (second if a — 0 ) boundary-value problem 
div (k(x) Vf) — av = kv, x 6 D, 

(•§?+■’<*>'•') L=° (17) 

(k is the corresponding eigenvalue). This means that in the case of 

o 

the first boundary-value problem v belongs to IP(D) and satisfies 
the integral identity 

j (/cVuVn + ayr)) dx-{- k j vf]dx = 0 
D D 

o 

for all t] 6 IP{D), while in the case of the third (second) boundary- 
value problem v £ H % {Q) and satisfies the integral identity 

j (&VyVT] + «yil) dx-\- j kav\\ dS -f- k j vr\dx = 0 

D dD D 

for all T) £ #*(0). 

Consider an orthonormal system v x , v 2 , ... in L 2 (D) which 
consists of all generalized eigenfunctions of the problem (16) or the 
problem (17), respectively, and let X x , k 2 , ... denote the sequence 
of the corresponding eigenvalues which is, as usual, considered 
nonincreasing and in which each eigenvalue is repeated according 
to its multiplicity. As shown in Sec. 1, Chap. IV, the system v u v 2 , ... 
is an orthonormal basis for L 2 (D) and k h -a- —oo as k-*- oo. In the 
case of the first, third when o # 0 on dD and second when a 0 
in D boundary-value problems (note that a(x) >- 0 in D and o (x) 

^ 0 on dD) the first eigenvalue ^ < 0, that is, 0 > k x ^ k 2 ^ .... 
If a == 0 in D, then 0 — k t k 2 k 3 ... in the case of the 
second boundary-value problem. 

Suppose that the initial function <p in (2) belongs to L 2 (D) and 
that the function / £ L 2 (Q T ). According to Fubini’s theorem, 
f(x, t) 6 L 2 (D<) for almost all t 6 (0, T). We expand the functions cp 
and f(x, t) for almost all t 6 (0, T) in Fourier series in terms of the 
system i> x , v 2 , . . . of generalized eigenfunctions of problem (16) 
if the problem in question is (1), (2), (3) or of problem (17) if the 
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problem in question is (1), (2), (4): 

oo 

<p(x)= 2 

V (is) 

f(x, t) = 2 fh (t) Vk (x) 

h=t 

where 

q>* = (<P, »h)L,(D), th(t) = (/(*, 0. *>k(®»L,(D). (19) 

and the functions f h (t) belong to L 2 ( 0, T). By the Parseval-Steklov 
equality, 

2 cpiMMIUm (20) 

>t=i 

and for almost all t£(0, T) 


whence 


2 /*(*) = \ / 2 ( x >*) dx - 

ft=l D 


oo T 

2 j /l(0 j f 2 (x, t) dxdt. (20') 

h=l 0 Q r 

For any k = 1,2, ... consider the function 

t 

Vk(t)-<P*e**+f f A (T)eW- T) dr (21) 

o 

belonging to H 1 ( 0, T) and satisfying the equation 

U h -KU h = h (22) 

a.e. on (0, T) and (ff^O, T) a C([0, T)) the condition 

U h ( 0) = (Pfc' (22') 

It is easy to check (as in the case of a hyperbolic equation) that the 
function 


u h (x, t) = U h (t) v h (x) 


is a generalized solution of the first mixed problem, if v h (x) is the 
eigenfunction of the problem (16), or of the third (second), if v h (x) 
is the eigenfunction of the problem (17), mixed problem for the 
equation 

u t — div (kyu) + au = f h (t) v h (x) 

24* 
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with the initial condition 

N 

'Consequently, if we take the partial sums 2 and 

fc=i 

N 

2 fk(t) v k{ x ) of series (18) as the* initial function in (2) and the 

,h=i 

right-handjside of Eq. (1), then a generalized solution of the prob¬ 
lem (l)-(3) or the problem (1), (2), (4), respectively, will be the 
function 

N 

S N ( x *t)= 2 U h (t)v h (x), 

h=l 

In particular, in the case of the first mixed problem S N (x t t) satis¬ 
fies the integral identity 

J (— S &V SN • Vu ~f* aS jy v) dx dt 

Q t 

N N 

= j 2 'P k v h(x) v(x, 0) dx + j 2 fh(t) v h {x) v{x, t\ dxdt (23) 

Do h=l Q t h=l 

for all v in H l {Q T ) that obey conditions (9) and (11), and in the case 
of the third (second) mixed problem the integral identity 

C (— S Ni?t ~f~ S ^ * Vu aS jyu) dx dt ~f~ | koS^ v dS dt 

N N 

= ^ 2 VkVki*) v{x , 0) dx + j 2 /fc(*) v h(x) v{x, t) dx dt (23') 

bo fc=l Q t ft=l 

for all v in such that condition (9) is fulfilled. 

Let us show that the generalized solution of the problem (l)-(3) 
or the problem (1), (2), (4) is given by the series 

u(x, 0=2 Uh(t) v h {x), (24) 

h=l 

where in the case of the problem (l)-(3) v h (x), k — 1, 2, . . ., are 
eigenfunctions of the problem (16) and in the case of the problem 
(1), (2), (4) v h {x), k = 1, 2, . . ., are eigenfunctions of the prob¬ 
lem (17). 

Theorem 3. // / 6 L 2 (Q T ) and tp 6 L 2 (D), then each of the mixed 
problems (1), (2), (3) or (1), (2), (4) has a generalized solution u. This 
solution is represented by a convergent series (24) in H l < °(Q T )- More- 
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over, 

II U HH 1 . # (Q r )^ C (II 'P IU«(D) + II / liM<? r ))> ( 25 ) 

where the constant C > 0 does not depend on cp or f. 

Proof. From formula (21) it follows that, for all t 6 [0, T\, 

t 

I v k (f) I < 1 % | «‘*‘ + f I /.(X) I e 1 ""-” dx 

when k>l 

V 2 1 hi I 

and 

I U x {t) 1 < 1 q>i I + Ci IIA ||l,(o, d. 
where C x = Y T in the case of the sec ond mix ed problem with a =0 
and in the remaining cases C x — 1 /Y 2 | |. Therefore for all t £ 

6 10, T) 

V\{t)\K 2^ 2 V + ylj || h ||i, (0l T) when k > 1 (26) 

and 

^W<2«p; + 2Cf||/ i ||i f (0,T). (26') 

We consider the partial sum S N (x \ t) of the series (24). For each 

t 6 [0, T ] it belongs to the space H^Dt) in the case of the first mixed 
problem or to the space H\Di) in the case of the third (second) 
mixed problem. 

In investigating the problem (l)-(3) it is convenient to introduce 
in the space H\Df) a scalar product ; 

j {kS/uWv-\-auv) dx. 

D t 

For the problem (1), (2), (4) we introduce in the space H 1 (D i ) a scalar 
product 

\ {kS/u'S/v-\- auv)dx- j- \ kauv dS 
D t eb t 

if either a ^ 0 in D or cr 0 on dD and the scalar product 

^ (k\7uVv + uv) dx 

b t 

if a 3H 0 in D and a = 0 on dD. Since in the case of the first and 
third, o # 0, mixed problem and in the case of the second mixed 
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problem with a #0 the system of functions vjY — vjY —••• 
are orthonormal in the corresponding scalar products, while in the 
case of the second mixed problem with a = 0 the system of functions 
vjY 1 — * 1 , v 2 lY 1—••• is orthonormal, we have for all 
t € [0, T ] and any M and N, 1 ^ M < N, in view of (26), 


N 


II Sn{ x i t) Sm ( X ) t) llff‘(D t )— 2 v h( x ) 


h=M +1 




N 


N 


< 2 u *(t)\K\< 2 (^Vk\K\+l flit)dt ) 

h=M +1 ft=IU+l 0 


in the case of the first mixed problem and in the case of the second 
or third mixed problems if either a 0 in D or a(x) ^k 0 on dD, 
while 


N 


II s„(x,t)-s u (x,t) |& (JV = 2 u h(t)Y + \K I) 


fc=M + 1 


N 


< 2 [2e 2 ^V 2 (1 + IM) + 


h—M+l 


1 + lM 
l*kl 


X 

j il(t)dt\ 


N 


2 [e 2Xftt (1 +1 |) (Pfe + j fl(t)dt] 

2 h=M+l 0 

if a = 0 in D and a == 0 on dD. That is, in both cases 


II S N (x, t) — S M (x , t) Hhkd,) 


N T 

^CC l 2 ( +1 1) -f- y fl{t)dt (27) 


h=M +1 


Together with this inequality, we also have, in view of (26'), the 
inequality 

N 

|l S N (x, t) HhhDj) =* II + 2 UhVh 


h=2 


2 

HH Dj) 


N T 

<c 2 2( < Pk« 2 **‘( 1 +l^l)+J /’(*)*) < 28 ) 


h—l 
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valid for all t 6 [0, T ] and any N >- 1. Integrating the inequalities 
(27) and (28) with respect to t £ (0, T), we obtain 

N T 

IISjv—IJH i,. ( Q r )<C 3 2 (<P* + J rt(t)dt), (29) 

h=M +1 0 

N T 

H^llH‘.'-(Q r )< C 4 2 (<p2 + j (30) 

h=l 0 


According to (20) and (20'), the series with general term (pi + 

T 

+ [ fl{t) dt converges. Therefore it follows from (29) that the 

series (24) converges in H 1 * °(Q T ), and consequently its sum u(x, t) 
belongs to H l > 0 (Q T ) and satisfies the boundary condition (3) in the 
case of the first mixed problem. Passing to the limit as N -*■ oo 
in the identity (23) in the case of the first problem or in (23') in the 
case of the third (second) problem, we find that the function u (x, t) 
satisfies the identity (12) or the identity (13), respectively. Hence 
u(x, t) is a generalized solution. Inequality (25) follows from (30) 
if we pass in it to the limit as N -v oo and use the identities (20) 
and (20'). | 

Note that the existence of the generalized solutions of the above 
mixed problems can be established, as in the case of a hyperbolic 
equation, by the Galerkin method. 

3. Smoothness of Generalized Solutions of Mixed Problems. Exis¬ 
tence of an A. E. Solution and the Classical Solution. In investigating 
the smoothness of generalized solutions we shall confine our discus¬ 
sion to the first and second (in the boundary condition (4) a == 0) 
mixed problems for a particular case of Eq. (1), the heat equation 
(in (1) k s= 1, a = 0), though analogous results can be obtained by 
the same method in the general case if the coefficients and the func¬ 
tion a are sufficiently smooth. 

Let u(x, t) be a generalized solution of the first or second mixed 
problem for the heat equation 


u t — Au — f, 

(31) 

u |t= 0 = 9 

(32) 

and either 

u |r m = 0 

i T 

(33) 

in the case of the first mixed problem or 


IT 1 =° 

dn |r r 

(34) 


in the case of the second mixed problem. 
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Let us recall (see Sec. 2.4, Chap. IV) that if the boundary dD 
of the region D belongs to the class C T for some r~^> 1, then the 
generalized eigenfunctions v h (x), k — 1, 2, . . ., of the first and 
second boundary-value problems for the Laplace operator belong 
to the spaces H r g(D) and LTjpiD), respectively, that is, they belong 
to H r (D)2 and on dD satisfy the boundary conditions 

f—1 

Vh j&D = • • • = A 2 v h |ao = 0) k= 1,2,... 

in the case of the first boundary-value problem, while in the case 
of the second boundary-value problem for r > 1 the boundary condi¬ 
tions 


dvh 

dn dD 


= -iL A 

dn 


Vh | dD — k —1, 2 f 


when r = 1, #>(£>) = Hjr(D) = H l (3). 

Let'H%' l (Q T ) denote a subspace of the space H 2l < l (Q T ), with 
integer^! >- 1 (see["Sec. 7.2, Chap. Ill), that functions / in TP 1 '{Q t ) 
such that 

/ |r r = • • • = A !-1 / |r T = 0; 


when l — 0, by H z ^j l (Q T ) we shall mean the space L 2 (Q T ): H°$°(Q T ) = 
= = L,(Q t ). 

With integer l > 1, we let j H^iQr) denote a subspace of the 
space IP l ’ l (Q T ) that contains all functions / in H 2l <\Q T ) such 
that 


dn r T 




when 1 = 0, by H 2 jr l (Q T ) we shall mean the space L 2 (Q T ): 
= L 2 (Q t ). 

The following statement is 1 valid. 

Theorem 4. Let dD £ C 2S for some s > 1, and let qp £ H% l (D), 
f £H% s ~ l) ' <s_ 1 > ((?t) in the case of the first mixed problem (31)-(33) 
while q> 6 H 2 j^\D), f 6 (s_1) (Q T ) in the case of the second 

mixed problem (31), (32), (34). Then the generalized solution u(x, t) 
of each^of these problems belongs to the space H 2S > S (Q T ) an d the series (24) 
converges to it in the space H !s ’ s (Q T ). Moreover, 

II w IIh 2s . (i! ^ IIh 251 - 1 ^) ■+" 11 / (^5) 

where the positive constant C does not depend on tp or /. 
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Note that the hypothesis of Theorem 4 assumes the fulfillment 
of, besides^the smoothness of the given functions, the conditions 


and 


<P jaD = ••• = 18D == 0 

/ |r r = • • • = A s “ 2 / |r T = 0 


in the^case of the first mixed problem and the conditions 


as well as 


dtp 

dn 


IL 

dn 


an 


= ...=£V-\\e D = 0 


= --=i AS - 2 /K=o 


in the case of the second mixed problem. These conditions are neces¬ 
sary for the validity of Theorem 4 regarding convergence, in H 2S - s (Q T ), 
of series (24) to the generalized solution of the corresponding mixed 
problem. However, if we are interested only in smoothness of the 
generalized solution (and not in the convergence to it of the Fourier 
series) then, as in the case of hyperbolic equations (see Theorem 3', 
Sec. 2.4, Chap. V), these conditions can be very much weakened; 
they can be replaced, as in the case of hyperbolic equations, by 
compatible conditions on <p and / on dD 0 . 

Proof of Theorem 4. According to Lemma 2, Sec. 2.4, Chap. V, 
the functions /&(£), k = 1, 2, . . ., defined by (19) belong to the 
space 77 s-1 (0, T) (and therefore to C s_2 ([0, 71) for s >- 2). Conse¬ 
quently, the functions U h (t ), k = 1,2, . . ., defined by (21) and 
satisfying Eqs. (22) on (0, T) belong to the space H s (0, T) and 
therefore to C s-1 ([0, 71). Hence, by the properties of the eigenfunc- 

N 

tions v h (x), the partial sums S N {x, t) = 2 U h (t)v h (x) of the 

- 

series (24) belong to the space S (Q T ) and for all t 6 [0, T] to the 
space H 2 £{D t ) in the case of the first mixed problem or in the case 
of the second mixed problem they belong to the space H 2 j^{Q t ) 
andjfor all t 6[[0, T\ to the space 7T^.(Z) t ). Moreover, for p — 1, . . . 
.. ., s the functions belong to the space h 2(s ~ v) ' s ~ p (Q t ) and 

for all t 6 [0, T] to the space II%(D t ) in the case of the first mixed 
problem or, in the case of the second mixed problem, to the space 
H^iPt). Therefore, in view of Lemma 3, Sec. 2.5, Chap. IY, and 
orthogonality of eigenfunctions v h (x) in L^Dt), for all t 6 [0, 71, 
any p = 0, . . ., s and any M and N, 1 ^ M <C N, we have the 
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inequalities 

dPS N dPS M 1/2 


dt? dtp II B 2 < s ~P)(.D t ) 


<Ct A ‘- p -^(S N -S M ) 


2 

L,(D t ) 


N 


= c, 


2 i 

A=M+1 


dtP 

N 


2 

L,(D t ) 


=^i 2 l^| 2(S ' P) (^-) 2 . (36) 

ft=I>f+l 

Similarly, for all t£[0, T), any p = 0, s and any 1 

IV 

^■S’n I 2 vi | i |2(»-p) (d,PUh\ 2 

U‘-P,(D ( ) <1 h f 1 l ftl 




for the first mixed problem (X, 0) and 

112 


12 

II , 

a p (S w - 

lH 2 (®-P>(D t ) 

II aip 

-r 

dtP 

9 ( dPU ' ) 2 H 

l 

2 

+ 2 

~ p HD t ) 

Z WIP / |! 

/ror 

H 2 < s 


H 2<s-p) (D t ) 
3 p (5y—g t ) 


<5IP 

IV 


h2<s-P)( D t ) 


h=2 


for the second mixed problem (X x = 0). Thus, in both cases, for all 
t € [0, 71, p =0, . s,N> 1 

IV 

dPSff 


dtP 


^< C >((-S L )‘ + 2 I*.!"— (W). <37) 

Integrating inequalities (36) with respect to t £ (0. T) and summing 
over p, p = 0, . . ., s, we obtain 

s IV 


ns w -s M ik* f . (Qr) <c 1 2 2 IM 2(S_P) 

p=0 k=M+l 

Analogously from inequalities (37) we obtain 


dPU h 

dtP 


L.(0, T) 


. (38) 


I^-vIIh 25 . s (Q r )^ C 3 2 ( 


p=0 


( 

dPUi 

\ 

dtP\ 


2 

Ut(0, T) 
N 


+ 21 1 * l 2 “'” 

h=l 


dPU k 


dtP 


). (39) 

,(0, T)/* V ' 
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Next we use the following lemma whose proof will be given later. 
Lemma 2. Let dD £ C 2q+2 for some q 0 and let cp 6 H Z cg +i (D), 
f 6 9 (Q t ) in the case of the first mixed problem (31)-(33) while 

in the case of the second mixed problem (31), (32), (34) q> £ Hjr 1 (D), 
f 6 H 2 Jy. q (Q T ). Then for any p, 0 ^ p < q + 1> 

i T) <Cfl|q.||J H .. (D) + ||/lU, ( ^, (40) 

&=1 

where the positive constant C does not depend on (p or /. 

In view of this lemma (with q = s — 1), from inequalities (38) 
it follows that the series (24) converges in TP s ' s (Q t ). Therefore 
the generalized solutions of the problems (31)-(33) and (31), (32), (34) 
belong to the space H 2S ' ’ (Q T ) (and even to Hgf s (Q T ) or to H z j^(Q T ), 
respectively). Passing to the limit as N ->• oo in (39) and taking 

flpjj 2 

into account (40) and the obvious inequalities — . J 
< const (|| <p ||f, j( D) + II / Hh*(*- 1),(*-1) (Q j)» p = 0, . . ., s, we obtain 
the inequality (35). | 

Since a generalized solution of the mixed problem that belongs 
to the space H 2 ' 1 (Q T ) is an a.e. solution, Theorem 4 with s = 1 
implies the following result. 

Corollary. Let dD 6 C 2 , f £ L 2 (Q T ), and let <p £ ID{D) in the 
case of the first mixed problem (31)-(33) while cp £ ID(D) in the case 
of the second mixed problem (31), (32), (34). Then the series (24) con¬ 
verges in H 2 ’ 1 (Q t ) and its sum is an a.e. solution of the problem (31)- 
(33), or of the problem (31), (32), (34), respectively. Furthermore, 

11 u I l H 2 . 1 (Q t ) < C (I I <P 1Iff’ (D) + 11 / IIl,(Q t )) , 

where the positive constant C does not depend on tp or f. 

Before establishing Lemma 2, which we used in the proof of 
Theorem 4, we shall prove the following auxiliary assertions. 

Lemma 3. If /( x, t) 6 ST'^Qt)^ r >• 1. and g{t) £ L z (0, T), 
then the function 

T 

h {x) = j / (x, t) g ( t) dt 
o 

belongs to H r (D), and for any a = (a t , ..., a n ), |a lO, 

T 

D%h(x) = | Dxf(x, t)g(t)dt. (41) 

o 
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If, moreover, f | rji = 0, then h\ dD — 0 and if ^ =0 for 2, 


then 


dh 


= 0 . 


dn |sd 

Proof. First note that the fact that / belongs to L 2 (Q T ) implies 
h £ L 2 {D). Indeed, since f(x, t) g (t ) 6 L^Qx), by Fubini’s theorem 

T 

h ( D ) and since, apart from this, h 2 (x) ^ \ f 2 (x, t)' dt x 


X \M\\l,(o. t), we find that h £ L 2 {D). 
Hence the function h and the functions 

T 


h a (x) — j D x f(x, t) g(t) dt, a = (a„ a„), |a|<r, 


belong to L 2 (D). 

Take an arbitrary function r\(x)£C r (D). Evidently, g(t) ^(z) £ 
6 H T ’°(Q r ), so for any a, \ a | ^ r, 

j h a (x) t ](x) dx= j D x f(x, t)-r\(x) g(t)dxdt 
d q t 



j h(x) Dx T](a:) dx. 
D 


Consequently, h has generalized derivatives D x h = h a , | a | r, 
which belong to L 2 (D), that is, h £ IT(D). 

If f\r T = 0, then for any function r)(a:) £ C X {D) and any i — 
— 1, 2, . . n 


j h x .r\ dx = j f x .(x, t) t](x) g(t) dx dt 
d q t 

■ = — j f{x, t ) t)*^) g(t) dx dt — — j hr\ x .dx. 
q t d 

On the other hand, since h £ H^D), for arbitrary rj gfC 1 (Z)) 


j h x . r] dx ■=* f hryii dS — j hx\ Xi dx, 

D dD D 


where n t (x) are components of outward normal vector to dD at the 
point x. Consequently, for any ri(a:)]6 C\dD), 

j hr\n t dS = 0, i=l, ..., n, 

dD 
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which implies that h\g D = 0 (compare with the proof of Lemma 4, 
Sec. 2.4, Chap. V). 


If r ;> 2 and -f^ 

on 


— 0, then (compare with the proof of Lem¬ 


ma 4, Sec. 2.4, Chap. V) for any function t] £ C 2 (D) 
j kh(x)-v\ ( x)dx = j A f(x, i)-ri(x) g(t)dxdt 

D Q t 

— —• ^ V/(a:, f)»Vr](x) g(t)dxdt— — j V^-Vt]dx. 
Q t o 


On^the other hand, since h £ IP(D), 

j A h-\]dx= j ^-x\dS — j ^h-S/^dx 
D 8D D 

for any r ]£C i (D). Therefore, for any r\^C i (dD), 

I # n" = o, 

BD 


that is, I =0. I 

dn I an “ 

Corollary. Let the function g{t) £ L 2 (0, T) and let the function 
f (x, t) belong to the space H%’ r {Q T ) or to the space H 2 ^ r {Q T ) for 
some r ^ 0. Then the function h (x) belongs to the space H^(D) or to 
the space H 2 ^{D), respectively, and for any a = (a x , . . ., a„), | a| ^ 
^ 2r, formula (41) holds. 

Lemma 4. Let dD£C 2 . If for some f/^0 the function f(x, t) £ 
€H%' q {Q T ), then for any p, p = 0, ..., q, ~ ^ H% q ~ Phq ' p (Q T ). 

If f£H 2 ]/* q {Q T ), then for any p, p = 0, . .., q, ~^H 2 j^~ p) - q ~ p (Q T ). 

Proof. The conclusions of this lemma for q — 0 and q — 1 are 
evident. When q ;> 2, the first statement is a direct consequence 
of the following assertion established in the proof of Lemma 4, 
Sec. 2.4, Chap. V: if G £ H 2 (Q T ) and G|r r = 0, then G t \ r T — 0. 
The second statement of the lemma foL 
next assertion: if G £ H i > 2 {Q T ) and dG 


dn 


ows, obviously, from the 

= 0. 


= 0, then 

r T dn 


Note that this is proved exactly in the same way as the similar 


statement in Lemma 4, Sec. 2.4, Chap. V. Indeed, since 


dG 

dn 


= 0 , 
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for any t] 6 C 2 (Q T ), t] |d o = t] \d t = 0, we have 
j A Gft]dxdt— — ^ AG-v\ t dxdt = j \'G-\'r\ t dxdt 

Q'f Qj 1 Qy 

— — j 

Qt 

On the other hand, 

J AGft]dxdt= j -^--r ]dSdt —j VG t -^r\dxdt. 


Hence 


q t 


\^i-^dSdt.o 


for any r|£C 2 (r r ), q Ian. = t) lan T = 0. Consequently, p = 0. g 


Lemma 5. Let dD £ C 2 , and let f(x, t) q (Q T ) or f(x, t) £ 
£Hjf> 9 (Q T ) for some q^O. Then for any p, p=0, ..., q, 


2 im 2(9 ~ p) 


fc=l 


dPfh 


dtP 




where the positive constant C does not depend on f. 

Proof. According to Lemma 2, Sec. 2.4, Chap. V, for any,] p. 


0 <P<?> 


= j dP f£: J ) . Vh{x)d x, therefore 


, , |2(«-P) 


h-w 


dt 


= I hi 


|2(g-p) f 




D 0 


= *r p J ( j 9Pf d % t] ^r-dt) a q ~ p v h (x)dx. 


D 0 


According to Lemma 4, the function ^ ' belongs to 


H 2 <$ p),q p (Q t ) or to Hjr p>,q P (Q T ), respectively; this means, 
in view of Corollary to Lemma 3, that the function 

T 

j ~ Vf dtP ^ belongs to H^~ P) (D) or, respectively, to 


f2(g-p). q-p/ 
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H 2 $r p \D). Hence 


<«=«-'! a«-»( J ^L^h. d t).v„d x 

- J A»-» m *i - f -^2- M*> & * 

Q t 

= 4" p j j (Ag- p dPfi / t ; t} ) ( J -^r^- %(*)<**) Mirtdtftf* 


D 0 


= ^" P J ( j &>(*) dt ) %(*) <** 


D 0 


i 

= J ( J g£ P) (*) dt ) M- p M*)' d x, (43) 


D 0 


where, by Lemma 2, Sec. 2.4, Chap. V, the function g% >) (t) = 

= y A g ~ p dPf ^ t] . Vh (x)dx belongs to L 2 (0, T). The function 
b 

A g ~ p -- ftp ^ 6 L 2 (Q t ), therefore for almost all t £ (0, T) 

oo 

A ,_p jgg g^ l ) . e l 9 (da and for almost all t £ (0, J) 2 (s£ p) (*)) 2 = 


A 9-p d?/ 


h=l 


dtP 


L,(D t ) 


. Consequently, 


2 ii s (p) Hmo, t )= 


A?-P d p / 

3<P 


ft=l 


t.(0 T ) 


< const 11/11^*9, g (Q (44) 


Since, by Lemma 4 and Corollary to Lemma 3, the function 

T p 

f - /(x ’ 0 g<P> (t) dt belongs to Lf| ? " p) (D) or to H 2 $T F) {D), from (43) 
J o 

we have 

j Xh |2(g-p) j 

o 

T - T 

= J A 9 - p ( j n^±g(P)(t)dt) v h (x)dx = j (gtfHWdt, 

DO 0 

which immediately yields (42) if account is taken of (44). £ 
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Proof of Lemma 2. Since the function / 6 H 2q ’ q (Qr) cr H q (Q T ), 
the functions f h (t), k — 1,2, . . belong to H q ( 0, T) (Lemma 2, 
Sec. 2.4, Chap. V). Therefore, according to (21) and (22), the func¬ 
tions Uh(t), k = 1, 2, . . ., belong to H q+1 (0, T). It follows from 
(22) that for any p, 1 ^ p ^ q + 1, 

= t€(0, T). 

r=0 

Accordingly, for the proof of (40) it suffices, in view of the inequali¬ 
ty (42) of Lemma 5, to establish that 

S | k ft | 2(9+1) j| U h ||£,( 0 , r)-<const (|| 9 I|h2?+i (D) + || /Hh 8 ?. 9(q >)• (45) 

h=\ * 

We multiply (22) by U k and integrate the resulting identity with 
respect to t 6 (0, T). Using (22'), we obtain 

T T 

Y Ul(T) — j- <pj| -k h \ U%(t)dt = f f h (t) U h (t)dt, 

0 0 

from which (A*<;0) we have the inequality 

I h | II U h 111,(0, ^ + II /ft lk.(0, T) II U k ||l 2 (0, T ) 

and hence the inequality 
I K | 2,+ 2 ||U ft ||l,(0,T)<-|‘ <P ft(^ft) 2?+1 

+ ( | K I 9 || f h ||l,(0. T)) ( | K | 9+1 II u k ||l,( 0, l)Xy <pl | h k | 29+1 

+ Y I ^ft | 2? II /ft ll£-»<°. T) + *2*I ^ft | 2?+2 II Uh 111,(0, T)- 

Thus 

I K \ 2q+2 || u h |||, t( o, I K | 2?+1 + | K\ 2q || f h 111,(0, T), 

and consequently inequality (45) follows from the inequality (42) 
(with p — 0) and the inequality (Theorem 8, Sec. 2.5, Chap. IV) 

h | <P* I K | 29+1 <const || q> IIh 2 3+ i (D) . | 

Now we shall prove the existence theorem regarding the classical 
solutions of the problems (31)-(33) and (31), (32), (34). 

Note]that if / 6 W 2 ’ '(Q T ), then the functions U k (t), k— 1,2, . . ., 
defined by (21) belong to the space H 2 (0, T), and consequently 
to the space C 1 ([0, 2 1 ]). 
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If dD £ 2 J , then, by Theorem 7, Sec. 2.4, Chap. IV, the 

eigenfunctions v h (x) of the first or second boundary-value problem 

for the Laplace operator in D belong to the space H v 2 1 ( D ), and 

consequently (Theorem 3, Sec. 6.2, Chap. Ill) also to the space C 2 (D). 
Then the partial sums Sn of the series (24) belong to the space 
C^'ZQr). 

Theorem 5. Let dD£C 2s ° +l , where 2s 0 + l^^yJ+ 3, and let 
<p £ Hgj° +i (D), f g H 2 cfi' s °{Q T ) in the case of the first mixed problem 
(31)-(33) while cp 6 tf^ M (£>), / 6 H 2 ^ S °(Q T ) in the case of the 
second mixed problem (31), (32), (34). Then the series (24) converges 
in C 2 ' 1 (Q t ) an d its sum is a classical solution of the first mixed problem 
(31)-(33) or correspondingly of the second mixed problem (31), (32), 
(34). Moreover, 

II U Hc(Q T )'^5 ^ ( ll!<P IIh 2s »- hn) II 1 IIh 2 ( s o- 1). *o~ i (Q T )L (^6) 

where the positive constant C does not depend on cp or f. 

Proof. We start by establishing necessary estimates for the func¬ 
tions U h (t) and its derivatives U’ h (t), k = 1,2,.... By formu¬ 
la (21) we obtain 

I u h (0 K| <Pfc| + y || fh 11 1 * 2 ( 0 , D when &>1 

and 

1 Ui (t) |<^| <Pi | + Cj || fi 11^(0, T)i 

where Cj = l/V2 | | in the case of the first mixed problem and 

C x — V T in the case of the second mixed problem. Then from (22) 
it follows that for all t £ [0, T ] 

| U'h | (t) |<^ | h h | | U h | | f h | k h | | <p fe | + | /ft | 

+ - > y| l II fh || l ,( 0 , t) when 1. 

Therefore for all t £ [0, T ] 

^)<2|cp ft | 2 + - T ^ r l|/ A ||i ! (0.T), *>1, (47) 

f/^)<2«p?+2C?||/ 1 ||L ( o,T ) , (47') 

f/^)<3^cpl+-|-|4IIIMIi 2 (o,T) + 3|/ ft | 2 , *>1 (48) 

We shall prove the following auxiliary assertion. 

25-0594 
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Lemma 6. Let f(t) be an arbitrary junction in // x (0, T) and e an 
arbitrary number from (0, T]. Then for all t £ [0, T] the inequality 

Pit) < ■§- |l / I|l,( 0 , T) + 2e II f- ||1, ( o, T) (49) 

holds. 

Proof of Lemma 6. Let a denote the average value of / over the 
interval (0, T): 



f ( t)dt , 


and on [0, T] consider the continuous function 

fait) = /(f) — a. 

T 

Since l fait) [dt = 0, there exists a point t° 6 (0, T) such that 

o 

fa i f°) = 0. Therefore for all t £ [0, T\ and any e > 0 

i T T.i 

fait) = 2 j /«(f) /i(f)df< 4- J /a(f) df + e J nt)dt. 
t° oo 

Consequently, for any t 6 [0, T ] and any e, 0 < e ^ we have 

T T 

Pit) — 2a/(f) + a 2 <;4- ( j / 2 (x) dx —2a j /(x)dx+a 2 r j 

o "o 

T T T 

+ e [ /' 2 (x)dx = -4 f / 2 (x)dx-f e j /' 2 (x) dx 


a 2 f 




A ± 

4" j / 2 (x) dx + e j /' 2 (x)dx—a 2 . 


from which follows the inequality 

_1 
8 


1,(0, T) + 8 II /' ||1,(0, T) > 2a 2 - 2 a/(t) + / 2 (f) 




2^2 


coinciding with inequality (49). This proves the lemma. 

We consider the inequality (48) for k such that | k h \ ;> \!T\ 
let A 0 denote the least of these k. Then, by Lemma 6, for all k k a 
(recall that the sequence | | is monotone nondecreasing) 

hit) | 2 < 2| l h I II f h 111,(0, T) + —J || h IILo. T) 
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Substituting the last inequality in (48), for all t 6 [0, DJand k 0 
we obtain 

£/ft 2 (0<3X|cpft +-y-1 K 11| /ft lii t (0, T) + | I! f'h ||1,(0, T) 

<8 +1 III /* r) + "p^J II/ft 111,(0. r>) . (50) 

According to Theorem 3, Sec. 6.2, Chap. Ill, Lemma 3, Sec. 2.5, 
Chap. IV, and inequalities (47) and (50), we have for all t 6 (0, T\ 
and all M and N, k 0 sC M < N, 

II^n—<5m|Ic,(5 ( ) + ^m) C( 5 t ) 

< (|l S N — S M llH 2 f o + 1 (D ( ) + -fif (Sn — Sm) | H 2 , rHD t ) ) 

<^ 2 ( 1 ! 2j U h (t) A s V ft (x) ||h.(d 4 )) 

ft«=M+1 ‘ 

+ 11 I U'k(t) A* 0-1 Ujj(j:) ||hi ( Dj) 

ft=M+l 

<c 3 s (|x ft i 2s » +i f/i(t )+1 i 25 "- 1 tro) 

ft=M+l 

•<C 4 (cpft | Xft | 2s ° +1 -f- A,ft s ° U/ftllljO), t> + ^ft s ° 2 || /ft ||i 2 (o, x)) • 

ft=M+1 

Consequently, 

ll^-S* |lc*.hQ T )< C * h= | +1 (^ft i 2S ° + 1 

+1 ^ft | 2s ° II/ft llL(o, r) + ^h‘'° “ II/ft 117,(0, d)* (51) 
Analogously, with the aid of (47'), we find that for all t£[0, T\ 
and all 1 the inequalities 

H ^ IIC(D ( ,< C « II S N |lfl«.-KD t ,<C 7 (U\(t) + i | ^ft I 25 ”" 1 W(t)) 

-CC's (qpf-f- II /i||l,(o,t)+ 1j (tpll | 2s ° 1 + 7h' 0 “ 2 ||/ft||| l( o,Ti)) 

h= 1 

hold and therefore also the inequalities 
II $It Hc(Q t ) ^ (<Pi + II ft IlLo, T) 

+ S (9 2 ft|^ft| 2So_1 +^ So " 2 ||/ftl|E,(0,r))). (52) 

k=i 
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Since the function <p belongs to the space H%° +1 (D) in the case 
of the first mixed problem and to the space H z j^ i {D) in the case 

oo 

of the second mixed problem, the series 2 cpjj | X h | 2s ° +1 converges. 

h=l 

Besides this, since qp belongs to H 2 £'~ l (D) or correspondingly to 
H z Jf~ l (D), it follows (Theorem 8, Sec. 2.5, Chap. IV) that 

• oc 

23 <PS | K | 2s °~ 1 <const || cp ||h*« 0 -i (D) . (53) 

Since for the first mixed problem / £ H 2 ^' S °{Q T ) and for the 
second mixed problem / £ s, (<?r) > the series 

2 IM 2s °i!/fe !|L( 0 ,t.) and S |^| 2 < s o- 1 >||/^||| i(0iT) 

k=\ k= 1 

converge, in view of Lemma 5. Moreover, using the fact that f 
belongs to the space or, correspondingly, to the 

space s ° 1 (Qt) and by inequalities (42) of Lemma 5, we 

have 

SIM 2 * 0 0 I! fh l|L(0, T)<COnSt || /|Ih2(s 0 -I),«,-1 ( q y (54) 

Therefore from inequalities (51) it follows that the series (24) 
converges in C 2 > 1 (^ T ) and its sum u(x, t) belongs to C 2 ’ 1 (Q I ) and 
consequently is a classical solution of the corresponding mixed 
problem. The estimate (46) follows from the inequalities (52)-(54). 
This completes the proof of the theorem. 

! 


PROBLEMS ON CHAPTER VI 

1. Let D be a bounded region of the space R n , n > 2, and x° a point in D. 
Let the function u(x, t) g CV({x g D\x°, 0 < t < T}), T > 0, satisfy 
the homogeneous heat equation in {x g D\x°, 0 < t < T), and let 
u (x, t) | x — x° | n ~ 2 -> 0 as x -*■ x° uniformly in t g (0, T). Show that the 
function u (x, t) can be redefined on the set { x = x°, 0 < t < T} so that 
the resulting function will belong to C°°({x gZ>, 0<t<7’}). 

2. Let the function u(x, t) belong to > 0) and be a solution of 

the homogeneous heat equation in the half-space {t >0), and let there be 
a function A(x) such that u(x, t) A(x), as t oo, uniformly in x g (1 x | < 

< R} for any R > 0. Prove that the function A(x) is harmonic in R n . 

3. Let the function q)(x) belong to C(R n ) and satisfy the inequality | cp(x) |< 

< Ce a ^ 2 , where C and a are positive constants, for all x g R n . Prove that 
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the Cauchy problem 

u t — Au = 0, x £ R n , 0 < t < , (1) 

u | (=0 = <P(*) 

has a solution u(x, t) in the strip jx £ R n , 0 < t < . This solution is 

given by Poisson’s formula and belongs to the uniqueness class B 2 . 

If the function tp(x) £ C(R n ) and satisfies the condition: for any e > 0 
there exists a C = C(e) > 0 such that 

| <p(x)| < Ce'W for all .r 6 R n , (2) 


then the result of Probl. 3 implies that in the half-space {t > 0} there exists 
a solution of the Cauchy problem for the homogeneous heat equation with 
the initial function <p (x) belonging to the uniqueness class B 2 ; moreover, this 
solution is given by Poisson’s formula. 

4. Suppose that the function <p(x) £ C (B n ) and for any e > 0 there is 
a constant C = C(e) > 0 such that (2) holds. Let u(x, t ) (belonging to the 
class B 2 ) denote a solution of the Cauchy problem 


t u t — An = 0, a: £ R n , t > 0, 

“ 11=0 = <P(*)- 


(3) 


Prove the following assertion. If there exists a function A(x) such that for 

any R > 0 —\ u(£) dl, ->■ A(x), as p -+■ oo (o n is the surface area 

OnP" J 

l*-il<p 

of the unit sphere in R n ), uniformly with respect to x £ {| x | < R}, then 
lim u(x, t) = A{x) uniformly with respect to x £ {| x | < /?} (for any 


/-VOO 


R > 0); moreover, A(x) is a harmonic function. 

5. Let u(x, t) be a solution of the Cauchy problem (3) belonging to B 2 , 
where q)(x) £ B(R n ), and let lim u(0, t) — A. Prove that then for any 


t-+ °° 


point x £ R n lim u(x, t) = A. 

t~* oo 

6. Show that the solution u(x, t) of the Cauchy problem (3) with q> £ B(R n ) 
is an analytic function of ( x , t) in the half-space {x £ R n , t > 0}. 

7. Show that, if dD £ C 2 , the classical solution of the first mixed problem 


— Au = 0, (x, t) £ Q t = {D X (0, T)}, 


« bo = <P(*). 


u 


‘Ft 


= 0 


is a generalized solution of this problem. 

8. Prove existence and uniqueness theorems concerning generalized solutions 
of the first, second and third mixed problems for the parabolic equation (prob¬ 
lems (l)-(3) and (1), (2), (4) from Sec. 2.1) without assuming that the func¬ 
tions a(x) and a(x) are nonnegative. 

9. Let the function u(x, t) belong to C 2 A{Q T ) f] C(Q T ), satisfy the homo¬ 
geneous heat equation (u 4 — Au = 0) in Q T and the homogeneous initial con¬ 
dition (u|£, 0 = 0, D 0 is the base of the cylinder Q T ). Prove that then 

u £ C°° ( Q t (J D o). Prove also that for any point (x, t) of the cylinder 
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{/>' X (0, T)} where D' <£ D 0 , p — inf | x' — x" | > 0, 

x'£dV 

x"£dDo 

_Pi 

8 r 

I nf*u{x, 1)1 < C(a, T) U i| C(Q - r) , 

p n 

ao+...+a n 

where a = (a 0 , aj, a n ), D a u = - -— and C(a,T) is a positive con- 

dt a ° ... dx^ n 

stant depending only on the vector a and the number T. 

10. Let the function <p £ B(R n ) and Di, i = 1, 2, . . be a sequence of 

OO 

regions of the space R n , Di a D i+1 , i = 1, 2, . . U Di = R n . Let ui(x, t) 

1 = 1 

be the solution of the equation u t — Au — 0 in Di X (0, T) that is continuous 
in {Di X. [0, 7*]} and satisfies the initial condition = <p. Suppose that 

1 j 

II u i IL-jr rn ^ C, where the positive constant C does not depend 

on i. Then the sequence ut, i = 1, 2, . . converges uniformly in (x, t) 6 
€ D X [0, T], where D is an arbitrary bounded region in R n , to the (bounded) 
solution of the Cauchy problem in the strip (x 6 R n , 0 < t < 7} for the homo¬ 
geneous heat equation with the initial function tp. Prove this. 
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